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Partikel-assistierte Benetzung 
Ailin Ding 
 
Die Benetzbarkeit und Nichtbenetzbarkeit von Oberflächen durch eine Flüssigkeit sind 
faszinierende und wichtige Phänomene in Wissenschaft und Technologie. Jüngst wurde 
entdeckt, dass Partikel die Benetzung einer Wasseroberfläche durch ein Öl unterstützen 
können. Es wurde eine Theorie entwickelt, das Prinzip der zu beschreiben. In der vorlie-
genden Doktorarbeit wurde diese Theorie im Experiment sowohl qualitativ als auch quan-
titativ untersucht, wobei  zwei Arten von Kieselgelpartikeln Verwendung fanden. 
 
Mit Hilfe einer Reihe unregelmäßig geformter Partikel mit variierender Hydrophobie 
wurde der Einfluss der Oberflächenhydrophobie der Partikel auf die partikel-assistierte 
Benetzung untersucht. Es wurde herausgefunden, dass die Partikel mit höchster Hydro-
philie Linsen aus reinem Öl bilden, während die Partikel in die Wasserphase abtauchen. 
Die Partikel mit größter Hydrophobie hingegen bewirken die Ausbildung von kleinen Be-
reichen, in denen Öl und Partikel eine stabile homogene Schicht formen. Für Partikel mit 
mittlerer Hydrophobie wurden beide Phänomene beobachtet. Diese drei verschiedenen 
Beobachtungen bestätigen, dass die Oberflächenhydrophobie der Partikel das Benet-
zungsverhalten des Öls auf der Wasseroberfläche bestimmen. 
 
Für die unregelmäßig geformten Partikel war aufgrund des unbekannten Kontaktwinkels 
ein direkter Vergleich zur Theorie nicht möglich. Um die Theorie quantitativ zu prüfen, 
wurden sphärische Partikel synthetisiert und ihre Oberflächen mit Hilfe von zehn Silani-
sierungsmittel modifiziert. Anschließend wurde ein Vergleich der experimentellen Ergeb-
nisse mit dem entsprechenden theoretischen Phasendiagramm durchgeführt. Die Untersu-
chungen zeigten, dass die theoretischen Vorhersagen zum Großteil mit den experimentel-
len Ergebnissen übereinstimmen. Es wurden alle Fälle der Benetzung beobachtet, die 
auch in der theoretischen Beschreibung berücksichtigt wurden. Darüber hinaus wurden 
auch Abweichungen von der Theorie festgestellt. Haben die Partikel ähnliche Affinitäten 
zur Luft/Öl- und Öl/Wasser-Grenzfläche, hängt die Beschaffenheit der Benetzungsfilme 
zusätzlich vom Oberflächendruck ab. Deshalb könnte es notwendig sein, die einfache 
Theorie zu erweitern um den beschriebenen  Beobachtungen Rechnung zu tragen. 
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Abstract 
Particle Assisted Wetting 
Ailin Ding 
Chemnitz University of Technology, Faculty of Natural Science 
 
Wetting and de-wetting of surfaces by a liquid are fascinating and important phenomena 
in science and technology. Recently, it was discovered that particles can assist the wetting 
of a water surface by an oil, and a theory describing the principle behind particle assisted 
wetting was developed. In this thesis, the theory was experimentally investigated qualita-
tively and quantitatively by using two series of silica particles. 
 
The influence of the surface hydrophobicity of the particles on particle assisted wetting 
was investigated by a series of irregular shaped particles with varying hydrophobicity. By 
applying mixtures of particles and oil to a water surface, it was found that for the most 
hydrophilic particles, only lenses of pure oil formed, with the particles being submerged 
into the aqueous phase. The most hydrophobic particles helped to form patches of stable 
homogenous mixed layers composed of oil and particles. For particles with intermediate 
hydrophobicity, lenses and patches of mixed layers were observed. These three different 
observations verified that the hydrophobicity of the particle surface determines the wet-
ting behaviour of the oil at the water surface. 
 
For the irregular shaped particles with unknown contact angles with liquid interfaces, no 
direct comparison to the theory was possible.  To test the theory quantitatively, a series of 
spherical particles was synthesized and their surfaces were modified by ten kinds of silane 
coupling agents; then the experimental results were compared with the corresponding 
theoretical phase diagram. It indicated that the theory agrees at large with the experimen-
tal results. All scenarios of wetting layers taken into account in the theoretical description 
were observed. In the fine print, deviations from the theory were also observed. If the par-
ticles have similar affinities to air/oil and oil/water interfaces, the experimentally ob-
served morphology of the wetting layers depends in addition on the surface pressure. It 
might therefore be necessary to extend the simple theoretical picture to take these obser-
vations into accounts. 
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Chapter 1 Introduction 
 
 
Wetting and de-wetting phenomena play a major role in many scientific and technological 
processes. Whether a liquid will wet a surface or break up into small droplets decisively 
influences well-known traditional applications such as waterproof fabrics, detergency, 
cosmetic, paint and coating process1,2. Therefore, it is not surprising that there is a large 
number of literatures on this topic. Comparing to the wetting of solid surfaces, the wetting 
of liquids interfaces has received less attention. It is worth noting that the wetting of a liq-
uid surface by a second liquid is also technologically important, e.g. the production of 
thin uniform films in float cast processes3. In this chapter, the wetting of liquid surfaces is 
briefly introduced, followed by a summary of scientific efforts to improve the wettability 
of liquid surfaces. At the end, the concept of particle-assisted wetting and its potential ap-
plication are described in detail. 
 
 
1.1 Wetting a liquid surface 
 
Wetting is determined by interfacial forces. These forces are commonly divided into two 
categories, short-range components (hydrogen bond, donor/acceptor interactions) and 
long-range components, which are generally attributed to dispersion forces.  
 
The long-range (comparing to the molecular dimension) forces was calculated and de-
scribed by the macroscopic theory of Lifshitz4,5 in the 1950’s. Instead of treating the total 
van der Waals forces as a sum of pairwise interactions, Lifshitz theory treats the materials 
as a continuum in which there are electromagnetic fluctuations at all frequencies over the 
entire material6. This theory includes the induced dipole-induced dipole (London disper-
sion), permanent dipole-permanent dipole, permanent dipole-induced dipole interactions 
and also the effect of retardation.  The short-range interactions are more complicated and 
Chapter 1                                                                                                                               t                                  
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less distance dependence than those long-range interactions. The wetting of smooth sur-
faces generally can be influenced by manipulating these long-range and short-range 
forces7, for examples, by changing the refractive indices of the liquids involved8, intro-
ducing surface-defective sites9, or adding surfactants10. 
 
1.1.1 Wetting behavior  
 
Wetting behavior of a liquid A on the surface of a second liquid B is illustrated by the fate 
of a liquid A drop when it is placed onto the surface of the liquid B. The drop will either 
spread to form a uniform film or not spread over the surface of the liquid B and form a 
lens.  
 
 
 
Figure 1.1, Initial shape of a liquid A lens on the surface of the liquid B. The shape may 
change with time. γAB is the liquid A/liquid B interfacial tension and γA (γB) are the liquid 
A/air (liquid B/air) interfacial tensions. 
 
The initial shape of a liquid A lens on the surface of the liquid B is shown in Fig. 1.1. The 
angles (θ1, θ2, θ3) can be determined by force balance in both horizontal and perpendicu-
lar direction. When the lens is very thin and all the angles are very small, the wetting be-
havior can be characterized by the balance of the interfacial tensions only in the horizon-
tal direction. The spreading coefficient SA/B of the liquid A on the liquid B is define as  
  AABBBAS γγγ −−=/       (1.1) 
The possible types of the wetting can be described by values of the spreading coefficient. 
For phases in thermodynamic equilibrium, the equilibrium spreading coefficient eq BAS /  is 
negative when the drop retracts onto a lens with a finite contact angle. In cases when the 
liquid A spread completely as a thick film, γB cannot be determined since there is no liq-
uid B/air interface in equilibrium with the liquid A possible. In this case, no spreading co-
B
Aθ3 
θ2 
θ1 
γA γB 
γAB
Air 
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efficient as defined in Eq. 1.1 can be calculated. It thus does not make sense to talk of 
positive equilibrium spreading coefficient at all. 
 
However, the spreading coefficient can be positive initially. The difference between ini-
tial and equilibrium spreading coefficient is due to the molecules of the third component 
that adsorb to the two component interfaces which may lead to change in all three surface 
tension terms in Eq 1.1.  This change may result in a striking phenomenon that a drop of 
liquid A first spreads and then slowly reforms when the equilibrium state is achieved11.  
 
If the initial spreading coefficient is negative, the drop of liquid A will appear from the 
beginning as if it had a finite contact angle. If the initial spreading coefficient is positive, 
the liquid A will initially spread and wet the liquid B (e.g. the initial spreading of benzene 
on water). At equilibrium, the drop of the liquid A will retract into lenses if the equilib-
rium spreading coefficient is negative. In the following Table 1.1, some examples of ini-
tial and equilibrium spreading coefficients of liquids on water are given. Most organic 
liquid usually have negative eqS  and do not wet a water surface at ambient condition. 
 
Table 1.1, Initial and equilibrium spreading coefficients (mN/m) on water  
Liquid A γA γAB i BAS /  eq BAS /  
γB = 72.1 mN/m at 24.5 oC 6,12 
Pentane 15.7 50.3 6.10 -0.50 
Hexane 18.0 50.7 3.40 -0.50 
Octane 21.4 51.5 -0.80 -1.90 
Decane 23.5 52.0 -3.40 -3.90 
γB = 72.75 mN/m at 20 oC 6,13 
Benzene 28.85 35.0 8.90 -1.63 
CCl4 26.95 45.0 0.80 -1.94 
CS2 32.20 48.4 -7.85 -9.21 
 
The spreading of a liquid A on the surface of the second liquid B can also be expressed in 
terms of the free energy per unit area of a film with the thickness of h14 
Chapter 1                                                                                                                               t                                  
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  )()( hPhF AAB ++= γγ        (1.2) 
When h is larger than the molecular size and only the long range van der Waals forces are 
considered, P(h) can be give by the following equation. 
  212/)( hAhP π=        (1.3) 
In Eq. 1.3, AAAB AAA −=  is the difference of two Hamaker constants and can be of any 
sign2. The spreading coefficients can also be determined from the disjoining pressure in-
troduced by Deryaguin15.  
  36//)( hAdhdPh π−=−=Π        (1.4) 
This determination will be illustrated for the case of a disjoining pressure isotherm with 
long-range attraction and short-range repulsion as shown in Fig.1.26.  
 
 
 
Figure 1.2, The disjoining pressure isotherm. 
 
The equilibrium film thickness is equal to that at which the disjoining pressure isotherm 
passes through zero with a negative slope. The interaction energy, which is calculated as 
the negative integral of the disjoining pressure from infinity, has a minimum value at the 
equilibrium thickness. The equilibrium film pressure or spreading pressure is the reduc-
tion of the substrate surface energy due to the presence of the equilibrium film. It is equal 
to the area under the disjoining pressure isotherm from zero thickness to the equilibrium 
thickness.  
  eqieq SS −=π        (1.5) 
Area1 
heq 
П 
Area2 
Area1+ Area2=Si
Area2 = Seq
Area1 = film pressure
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At equilibrium state, whether a liquid drop will spread or not on another liquid surface is 
determined by the value of the equilibrium spreading coefficient. In the following texts of 
this thesis, without special mentions, the spreading coefficient S refers to the equilibrium 
spreading coefficient eqS . 
 
1.1.2 Wetting transition  
 
When a liquid droplet is added onto another liquid/air surface, after the equilibrium state 
reaches, three wetting states will occur: non-wetting, complete wetting or partial wetting. 
These scenarios are depicted in Fig. 1.3. These definitions are convenient in the context of 
my work. It is worth mentioning that there is a significant variation in the definition of 
wetting and non-wetting scenarios in the literatures16,17,18.  
 
 
 
Figure 1.3, The three scenarios of liquid A wetting on the surface of another liquid B. 
 
In the case of the non-wetting, the liquid A forms lenses co-existing with the bare surface 
of liquid B. In the case of the complete wetting, any amount of the liquid A applied to the 
surface of the liquid B will spread out as a layer with a thickness given by the volume of 
the applied liquid A per area of the surface. In the case of partial wetting, the competition 
complete wetting 
Liquid B 
non-wetting 
partial wetting 
Liquid A 
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of favorable short-range forces and unfavorable long-range forces results a wetting layer 
of limited thickness coexisting with lenses formed by excess of the liquid A.  
 
When the subphase B is water, some work has been reported on a simple model system 
for alkanes (CnH2n+2) with n ≥ 4, as it has important practical consequences e.g. oil recov-
ery19.  They indicate for the range 5 < n ≤ 8, partial wetting was observed, i.e. octane 
forms lenses with an ultrathin film12. For n > 8, the general finding is non-wetting: the al-
kanes form lenses without a thin film. Pentane is a borderline case, while both experimen-
tal and theoretical attempts to clarify the situation have been inconclusive20.  
 
Wetting transition from non-wetting or partial wetting to complete wetting has been a 
subject of several studies21. The wettability of alkanes can be altered by changing the 
long-range dispersion forces via temperature variation22. Ragil. et al. observed a continu-
ous (or critical) transition from a mesoscopic ( ≈ 5 nm) to a very thick film when studying 
the wetting behavior of pentane on water23. They proposed a new scenario for wetting 
transition: instead of microscopic or macroscopic film, there could be an intermediate 
film. The phase transition is in a sequence of thin film - intermediate film - thick film, 
where the first transition is discontinuous and the second is continuous24. 
 
The intermediate mesoscopic film, of the order of several nanometers, is due to short-
range forces that favor wetting and weak long-range forces (given by the Hamaker con-
stant). The Hamaker constant is positive and will inhibit the formation of macroscopically 
thick film. Upon increasing the temperature to the critical wetting temperature Tc, the 
Hamaker constant will change sign and thus favors wetting, so that the wetting layer 
thickness will increase continuously to a thick layer. For instance, at the 53 oC, the transi-
tion from partial wetting to complete wetting of pentane on water was observed. 
 
Instead of heating, a wetting transition can also be achieved by addition of soluble sub-
strates that change the refractive index of the subphase25. The wetting of octane on an 
aqueous solution of glucose was investigated by Pfohl and Riegler8. They reported that al-
ready a small glucose concentration leads to a microscopic layer ( ≈ 3 nm) and a slightly 
higher concentration of glucose results mesoscopic ( ≈ 7 nm) layer. The transition was at-
                                                                                                                                Chapter 1 
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tributed to the fact that the dispersion force is proportional to the Hamaker constant which 
is linked to the subphase refractive index n. The Hamaker constants calculated for the sys-
tem solution/octane/air are positive for low glucose concentration. They become negative 
at n = 1.338 thus favoring the wetting at high glucose concentration. Although there is 
still controversy to the wetting transitions of octane on the water surface26, there is no rea-
son to doubt that for nonpolar and electrically neutral oils like alkanes, wetting transitions 
can be induced by varying the temperature or the solute concentration which in turn in-
duced changes of long-range dispersion forces. 
 
From the other side, it was discovered that colloid particles can also be utilized as wetting 
agents to enhance the wetting of the surface of one liquid by a second one7. A more de-
tailed description of this effect is given below. 
 
 
1.2 Particle assisted wetting 
 
The particles have a strong tendency to adsorb to fluid/fluid interfaces，easily form sta-
ble colloidal monolayers and normally are used as stabilizers for oil/water emulsions27-30. 
Part of the driving force for the adsorption of particles to liquid surfaces is the fact that 
the particles can penetrate liquid interfaces and reduce the area of the bare liquid interface. 
It leads to a significant reduction of the total interfacial energy of the system.  
 
As introduced in the previous text, most organic liquids (for simplicity from now on 
called “oil”) usually do not wet a water surface at ambient condition. They are either non-
wetting or partial-wetting on the water surface. However, the oil may easily wet suitable 
particles that are adsorbed to the water surface. And this process might actually be 
stronger than the forces leading to de-wetting. This phenomenon is named “particle as-
sisted wetting” which is depicted in Fig. 1.47,31.  
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Figure 1.4, Schematic representation of the particle assisted wetting. (a) Applying a non-
wetting oil alone onto the water surface, oil lenses are resulted. (b) Particles form a 
close-packed monolayer on the water surface. (c) Applying the mixture of particles and 
the oil, the oil wets the water and forms a homogenous hybrid film with the particles. 
 
Previous experimental investigations show evidence for particle assisted wetting7. As 
predicted in Fig. 1.4c, there is a system in which particles and an organic oil form to-
gether a continuous wetting layer (see Fig. 1.5c) although the oil alone forms lenses on a 
water surface (Fig. 1.5a). Here, particles act as a wetting agent and induce the wetting of 
the water surface by the oil (non-wetting in absence of particles).  
 
On the other hand, it is worth to point out that the opposite observation has been reported 
as well. Particles bearing a coating different from the previous ones will coexist on a wa-
ter surface with lenses of the oil rather than assist the formation of a wetting layer (see Fig. 
1.5d and Fig. 1.5e)   
 
 
 
 
 
 
 
 
+
Non-wetting 
oil on water 
surface 
Particles 
on water 
surface  
Particles + oil Æ homogenous hybrid film  
(a) (b) 
(c) 
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   (a)           (b)     (c) 
    
(d)           (e) 
 
Figure 1.57, Scanning electron microscopy images of the organic oil, silica particles, and 
their mixtures after application onto a water surface, UV-irradiation, and transferred to 
mica substrates. (a) Lenses formed by an oil TMPTMA (structure is shown above the im-
age). The scale bar is 50 μm. (b) Monolayer formed by methacrylate-coated silica parti-
cles. The scale bar is 2 μm. (c) A wetting layer formed from TMPTMA mixed with 
methacrylate-coated silica particles. The inset is the bottom view of the same mixed layer. 
The scale bar is 2 μm. (d) Structure formed by a mixture of TMPTMA and silica particles 
coated with oligoisobutene chains The scale bar is 50 μm. (b) A magnified image of the 
particle aggregates in image d (indicated by a white box). The scale bar is 2 μm. 
 
The principle and theoretical basis of the particle assisted wetting will be discussed in 
Chapter 2. 
 
 
 
Chapter 1                                                                                                                               t                                  
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1.3 Application of particle assisted wetting 
 
After the discovery of the particle assisted wetting phenomenon, the preliminary investi-
gation towards different application directions have been explored. Among them, prepar-
ing porous membranes is the most extensively studied.  
 
1.3.1 Porous membranes 
 
The general procedure used to prepare the porous membranes is shown in Fig. 1.5. Mix-
tures of a polymerizable oil and the coated silica particles are applied onto the water sur-
face and form wetting layers in which the particles penetrate through the layer at the top 
and the bottom surface. The subsequent UV illumination to crosslink the oil and the re-
moval of the silica particles with hydrofluoric acid (HF) yields a two-dimensional poly-
mer porous membrane32 (Fig. 1.6a). The thickness of the porous membrane and the size 
of the pores can be controlled by the particle/oil volume ratio in the mixture applied. Fur-
thermore, if a higher amount of particles and oil mixture per area is applied, a multilayer 
is formed and thus a porous membrane with a three-dimensional pore arrangement can be 
prepared, as shown in Fig. 1.6b33. The obtained membranes can be transferred to any de-
sired substrates or converted into a freely suspended membrane by transferring it across 
openings in a porous support. 
 
Both in the two-dimensional wetting layer and in the three-dimensional wetting layer, due 
to the lateral capillary forces, the silica particles are attracted to each other and densely 
packed in the wetting layer. The distance of the neighboring pores in the resulting porous 
membrane only depends on the size of the particles used. If using polystyrene superpara-
magnetic particles in presence of a magnetic field perpendicular to the wetting layer, the 
particles are polarized by the magnetic field and become repulsive due to the induced di-
polar interaction. Thus, the particles are not closely packed any more, but distribute 
evenly across the surface. The mean inter-particle distance in the porous membrane can 
further be controlled by the strength of the applied magnetic field34.  
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Figure 1.6, Scheme of the preparation of a two-dimensional (a) and a three-dimensional 
(b) free-standing porous membranes.  
 
The SEM images of a two-dimensional porous membrane transferred onto a microsieve 
film (Fig. 1.7a) are demonstrated in Fig. 1.7b-c, while a three-dimensional porous mem-
brane on a mica substrate is in Fig. 1.7d. Fig. 1.7c shows the polymer porous membrane 
via particle assisted wetting has good mechanical strength and is stable without any sup-
port in the pore of the microsieve. These SEM images indicate that although these porous 
membranes are very thin, they are flexible and strong enough to be transferred to almost 
all continuous substrates or to be freely suspended over a relatively wide opening.  
H2Owater
(a) (b) 
1, spread mixture of  
particles and oil 
2, cross-link oil 
3, remove particles and 
transfer onto substrates 
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        (a)      (b) 
       (c)                                                     (d) 
 
Figure 1.7, SEM images of (a) a porous microsieve with the pore size 4μm; (b-c) a poly-
mer porous membrane on the microsieve, which is prepared via particle assist wetting us-
ing silica particles with the diameter of 200 nm and then transferred onto the micro-
sieve35; (d) a three-layer porous membrane on mica substrate33, using silica particles 
with the diameter of 558 nm.  
 
Using this simple and effective technique, different membranes with pore size ranging 
from 20 nm to 1000 nm were realized36. The SEM images of some of these membranes 
are shown in Fig. 1.8. Another advantage of this technique is that the size and the shape 
of the resulting porous polymer membranes are only limited by the shape and area of the 
water surface. The porous membranes prepared in this way can be used as filtration mem-
brane, as masks or molds for nanostructure fabrication. 
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(a)           (b)           (c) 
 
Figure 1.836,37, Freely standing porous membranes with various pore size obtained via 
particle assisted wetting of a water surface using particles of  (a) 120 nm, (b) 300 nm, (c) 
1000 nm diameter.   
 
The porous membrane with the pore diameter of 300 nm was investigated as a filtration 
membrane to separate a silica particle mixture containing three kinds of silica particles 
with different diameters: 33 nm, 110 nm and 390 nm38. Fig. 1.9a shows the SEM image 
of the porous membrane and the particles. The dilute solution of these particles in ethanol 
was applied to penetrate the porous membrane. Several drops of the feed solution and the 
permeate solution were dried on a silicon substrate and were observed by SEM. The im-
ages of the feed and the permeate are compared in Fig 1.9.  Although the smallest parti-
cles of 33 nm tend to aggregate with each other, the three kinds of particles can be easily 
distinguished from the SEM images. 
 
The selectivity of the porous membrane comes from the dimensional difference of the 
particles. The particles of 33 nm and 110 nm in the feed solution can pass through the 
pores freely and the particles of 390 nm cannot so that the biggest particles were sepa-
rated. No particles of 390 nm is visible in the permeate from its SEM image. The mix-
tures before filtration and after filtration were also investigated by analytical ultracentri-
fugation. The results are shown in Fig. 1.1038. The results of the analytical ultracentrifu-
gation also agree that the filtration using this porous membrane is successful. 
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(a)           (b)           (c)  
 
Figure 1.9, SEM images of (a) a porous membrane prepared via particle assisted wetting 
with the pore diameter of 300 nm and the particles mixture38; (b) the feed mixture before 
filtration; (c) the permeate mixture after filtration.  
 
 
 
Figure 1.1038, Analytical ultracentrifugation results of the particles and the mixtures be-
fore and after filtration using the porous membrane with the pore diameter of 300 nm as 
a filtration film.  
 
 
0 100 200 300 400 500
mixture after filtration
D / nm
Silica 33 nm
mixture before filtration
Silica 390 nm
Silica 110 nm
   g(D)
 G(D)
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1.3.2 Templates for nanostructure fabrication 
 
Besides using as filtration membranes, the porous membrane prepared via particle as-
sisted wetting were also be investigated as masks or moulds for surface patterning and 
nanostructure fabrication, eg, fabrication of regular metallic arrays39,40.As shown in Fig. 
1.11b, regular gold arrays have been obtained by sputtering technique using the porous 
membrane (Fig. 1.11a) as template. Silver and niobium two-dimensional dot system can 
also obtained by the similar way. In comparison to conventional techniques for nanostruc-
turing these metal systems, such as photo and electron beam lithography, using porous 
membranes as templates is easy, economic and no longer limited in spatial resolution and 
writing speed. Therefore, it is considered a very attractive feature for the microelectronic 
application.   
 
 
(a)                                                      (b) 
 
Figure 1.1139, SEM images of (a) the porous polymer membrane by using 330 nm silica 
particles; (b) gold arrays prepared from the templating porous membrane shown in (a). 
 
Another example of using porous membranes as template for nanostructure fabrication is 
to prepare mesoscopic gold rings. This method is based on the wetting of the inner sur-
face of the porous membrane by a gold precursor solution. A porous membrane supported 
by a mica substrate was dipped into a solution of HAuCl4 (0.25 wt% in ethanol) for 2-3 
min. After withdrawing it from the solution, after complete drying in vacuum, the filled 
sample was heated to 450 oC in the air. The calcination removed the porous polymer 
membrane template and converted HAuCl4 into metal gold in the shape of rings41. This 
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method can be extended to other metal or metal oxide (e.g. ZnO) materials with a change 
of metal precursor solutions. 
 
Fig. 1.12a shows a templating porous membrane prepared via particle assisted wetting us-
ing 330 nm silica particles. The membrane has a thickness of approximately 190 nm and a 
pore size of 310 nm. The SEM image of patterned arrays of gold rings prepared from the 
porous membrane described above is shown in Fig. 1.12b. The shape and the size of the 
rings are almost unchanged comparing to the pores in the templating polymer membrane. 
The size of the gold rings can be easily controlled by preparing porous membranes with 
suitable pore size.  
 
 
 
(a) (b) 
 
Figure 1.1241, SEM images of (a) the porous polymer membrane by using 330 nm silica 
particles; (b) gold rings prepared from the templating porous membrane shown in (a).  
 
Rings made of metal can give rise to persistence currents if exposed to a magnetic field42-
44. And rings can also be used as elements in nonlinear optical devices and improved 
probes for surface enhanced Raman scattering45. Metal or metal oxide rings can be easily 
prepared by using porous membrane as a template.  
 
Except of porous membranes as filtration films or templates for nanostructuring, 
mesoscopic rings made of other materials (e.g. silica46) were also be obtained by using a 
polymer-oil wetting layer as a protecting material. In short, the applications of the particle 
assisted wetting are promising in various fields. 
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Chapter 2 Theory of Particle Assisted Wetting 
 
 
In the previous chapter, it was introduced that mixtures of an oil and suitable particles 
form a wetting layer on a water surface although the oil is non-wetting alone. It is be-
lieved that this particle assisted wetting phenomenon is due to the reduction of the total 
interfacial energy of the system caused by the fact that part of the fluid/fluid interface is 
replaced by the particle/fluid interface. This Chapter begins with the interfacial energy 
calculation of a single particle at an interface. Then the similar energy calculation and re-
sulting phase diagrams are discussed for particle assisted wetting of an oil on a water sur-
face. At the last part of this chapter, the aim and the outline of this thesis are stated. 
 
 
2.1 A single particle at interfaces 
 
Colloid particles can spontaneously accumulate at the interface between two immiscible 
fluids47. The fact that colloid particles are surface active similar to surfactants was first 
investigated by Ramsden48 and Pickering27 in the beginning of the last century. It was 
found that the surface activity of the colloidal particle is a general phenomenon despite of 
the shape and the chemical composition of the particles. The interfacial energy calculation 
can be used to explain the stability of a colloid particle at interfaces30,49-51. The calculation 
can be very difficult in the case of particles with complex shape and inhomogeneous sur-
face. For highly charged particles, the effect of the electrostatic interaction between the 
particles must be considered49. To simplify the problem, spherical non-charged particles 
with smooth surface are considered below.  
 
The strength with which a particle is held at an oil-water interface is related to the contact 
angles and the tensions of the interfaces. It is worth noting that when particles are very 
small, the contact angle will be influenced by the excess free energy associated with the 
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three-phase contact line (so-called line tension effect)52. The theoretical and experiments 
aspects of the line tensions are well discussed in the literature53-55. In this chapter, the ef-
fect of the line tension will not be considered for simplicity. 
 
  
(a)         (b)                                       (c) 
 
Figure 2.1, A small spherical particle in the oil phase (a), resting at an organic/water in-
terface (b), in the water phase (c). 
 
Let us assume a single spherical particle of radius R immersed into a planar oil/water in-
terface having a contact angle θwop measured in the oil phase, as shown in Fig. 2.1. γow, γop 
and γwp represent the interfacial tensions of the oil/water, oil/particle and water/particle in-
terfaces. The depth of immersion h into water is 
  )cos1( wopRh θ−=        (2.1) 
The contact areas of the particle/water and particle/oil interfaces are given by 
  )cos1(22 2 wopwp RRhA θππ −==      (2.2) 
  )cos1(2)2(2 2 wopop RhRRA θππ +=−=     (2.3) 
The planar area of the oil/water interface eliminated by the presence of the particle is  
  wope RA θπ 22 sin=        (2.4) 
 
Assuming the particle is small enough so that the effect of gravity is negligible, the inter-
facial energy change required to remove the particle from the oil phase to the oil/water in-
Water 
Oil 
Particle 
h
R
Water 
Oil 
γow 
γwp 
γop Particle 
θwop 
Water 
Oil 
Particle 
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                                                                                                                                Chapter 2 
 19
terface ΔEo-i is given by the interfacial energy change at the water/particle interface minus 
the interfacial energy of the oil/water interface that is replaced by the particle. 
  eowwpopwpio AAE γγγ −−=Δ − )(      (2.5) 
The interfacial tensions are related to the contact angle through Young’s equation 
  wopowopwp θγγγ cos=−       (2.6) 
Therefore, Eq.2.5 can be simplified to 
  22 )cos1( wopowio RE θγπ −−=Δ −      (2.7) 
The sign within the bracket in Eq. 2.7 becomes positive for removal of the particle from 
the water phase into the oil/water interface50. 
  22 )cos1( wopowiw RE θγπ +−=Δ −      (2.8) 
It is clear that the energy of particle attachment to the interface is negative for all contact 
angles so that the particle moves either from the oil phase or from the water phase to the 
oil-water interface is thermodynamically favorable. Therefore, colloidal particles have a 
strong tendency to adsorb to liquid interfaces and can be used to stabilize emulsions28-30,56 
and form monolayers at liquid interfaces51,57. 
 
. 
 
Figure 2.2, A small spherical particle in the oil phase removes to an air/oil or an 
oil/water interface. 
 
If a system of three fluids (e.g. air, oil and water) is considered, the equilibrium position 
of the particles depends on the relative strength of the energy change of particle attach-
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θwop 
Particle 
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R 
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ment to different interfaces. Assuming a single particle is originally in an oil layer wetting 
a water surface as shown in Fig. 2.2, the energy change of particle moving to the air/water 
and the oil/water can be given by the equation: 
22 )cos1( aopaoaio RE θγπ +−=−−      (2.9) 
22 )cos1( wopowwio RE θγπ −−=−−      (2.10) 
 
Here, the two contact angles θwop and θaop are both measured in the oil phase to make the 
mathematical description resembling the natural symmetry of the system. When Eo-i-a is 
smaller than Ew-i-a, the system gains more interfacial energy by particle attaching to the 
air/oil interface than the oil/water. Thus, the particle attaches to the air/oil interface. On 
the contrary situation, the equilibrium position of the particle is at the oil/water interface. 
If Eo-i-a is equal to Ew-i-a, the particle can adsorb to both interfaces simultaneously to reach 
the minimum energy. According to these equations, the exact equilibrium position of a 
particle can be determined by the interfacial tensions (γao and γow) and the contact angles 
(θwop and θaop). 
 
 
2.2 A simple theory 
 
As described above, placing a particle into an interface between two fluids involves a 
negative change in the interfacial energy. The gain in energy has been expressed and used 
to describe the particle-stabilized emulsions29,30. Similar concept and calculations were 
applied to discuss the particle assisted wetting58.  
 
If an oil forms a wetting layer on a water surface, the change in energy per unit area, ΔE/A, 
is equal to the negative value of the equilibrium spreading coefficient of the oil on a water 
surface. 
awowaoeqSAE γγγ −+=−=Δ /      (2.11) 
For an non-wetting oil, the equilibrium spreading coefficient is negative and the value of 
the energy change per area for a hypothetical layer of oil on water is positive. That is, 
forming a wetting layer on a water surface is associated with an increasing interfacial en-
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ergy and is thermodynamically unfavorable. However, if particles participate in the wet-
ting process, the attachment of particles to the interfaces involves an energy gain which is 
expressed in Eq. 2.7 to Eq. 2.10. When the particles do not adhere to the interfaces but en-
ter from one fluid to the second fluid phase, the related interfacial energy change is de-
cided by the interfacial tensions. For instance, if a particle is taken from the oil and com-
pletely immersed into the water, the change in energy is given by the difference between 
the surface tension of the oil/particle and the water/particle interfaces.  
  wopowopwp RRE θγπγγπ cos4)(4 22 =−=Δ     (2.12) 
The total interfacial energy change can be calculated considering these different kinds of 
interfacial energy changes mentioned above. It is assumed that a mixture of oil and parti-
cles applied to a water surface can adopt five scenarios as shown in the figure below. 
 
                                             
      (a)    (b) 
 
 
                 
      (c)     (d)      (e) 
 
Figure 2.3, Several possible scenarios of the arrangement of an oil and particles on a wa-
ter surface. 
 
a) Formation of oil lenses with complete incorporation of the particles. In this case, 
the total energy change is only related to the replacement of the particle/air surface 
by particle/oil interface. 
aopaoapopa RRE θγπγγπ cos4)(4 22 −=−=Δ     (2.13) 
b) Formation of oil lenses coexisting with separated particle monolayer. The energy 
change is similar to the expression of Eq. 2.9. 
22 )cos1( awpowb RE θγπ +−=Δ      (2.14) 
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c) Formation a homogenous, mixed layer with the particles adhering to the top inter-
face. In this case, the interfacial energy is the sum of the energy required to wet-
ting the oil and the energy change of the particle attachment to the air/oil interface. 
22 )cos1( aopaoeqc RASE θγπ +−−=Δ      (2.15) 
d) Formation of a homogenous, mixed layer with the particles adhering to the bottom 
interface. The energy change is the sum of the energy required to wetting the oil 
and the energy change of moving particle from the air phase to the oil/water inter-
face.  
awpawwopwoeqd RRASE θγπθγπ cos4)cos1( 222 −+−−=Δ   (2.16) 
e) Formation of a homogenous, mixed layer with the particles adhering to the both 
interfaces. In this case, the area of the mixed layer per particle is half of A that re-
fers to the area of the flat interface divided by the number of particles. Assuming 
the numbers of particles adhering to the air/oil interface is the same with that of 
those adhering to the oil/water, the total interfacial energy change is given by 
awpawwopwo
aopaoeqe
RR
RASE
θγπθγπ
θγπ
cos2)cos1(5.0
)cos1(5.05.0
222
22
−+−
+−−=Δ
   (2.17)  
 
In these equations, the contact angle θawp can be correlated with the contact angles (θaop 
and θaop) and the interfacial tensions (γao, γow, γaw). The equations depend on only five in-
dependent parameters: the contact angle θaop and θaop, the ratios of interfacial tensions 
γao/γaw and γow/γaw, and the area per particle A. It is worth noting that the tension of the 
air/water surface γaw is not the surface tension of pure water, but the surface tension of the 
water saturated with the oil used. In case of a dense two-dimensional packing of the parti-
cles at the interface, the area per particle is 232 RA = . Therefore, the condition of parti-
cle assisted wetting depends on γao/γaw, γow/γaw, θaop and θaop. At given contact angles (θaop , 
θaop) and the interfacial tensions (γao, γow, γaw),  it is possible to determine which of these 
scenarios is most favorable based on the Eq. 2.13 to 2.17 for all these five scenarios. 
Combining the appropriate equations, one can obtain the coexistence conditions between 
two of the five scenarios. According to these coexistence conditions, a phase diagram of 
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particle assisted wetting of an oil on a water surface can be drawn. Some of the phase 
diagrams are shown in Fig. 2.4. 
 
 
   (a)     (b) 
   
   (c)      (d) 
 
Figure 2.43, Phase diagrams of particle assisted wetting calculated for different ratio of 
the interfacial tensions: (a) γao/γaw = γow/γaw = 1; (b) γao/γaw = γow/γaw = 0.75; (c) γao/γaw = 
γow/γaw = 0.51; (d) γao/γaw = 0.64, γow/γaw = 0.37. 
 
In these phase diagrams, the continuous lines are given by the coexistence conditions and 
the stability regimes enclosed by the lines indicate the most energetically favorable sce-
nario. In the case of high interfacial tensions of the air/oil and oil/water interfaces, as 
shown in Fig. 2.4a, no particle assisted wetting happens. Fig. 2.4b-d indicates that the re-
gion of particle assisted wetting becomes prominent when the spreading coefficient ap-
proaches to zero. At very high or very low values of the contact angles at the interfaces, 
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no particle assisted wetting occurs and particles prefer to form monolayer separated with 
the oil lens or be totally embedded into the oil lens. Only at the intermediate values of the 
contact angle, the particles tend to attach to the interfaces. With two different interfacial 
tensions the phase diagram is non-symmetric, as demonstrated in Fig. 2.4d. 
 
All these phase diagrams are based on the following assumptions: 
a) The oil is non-wetting alone and its Seq is negative. 
b) The particles are spherical, non-charged with smooth surface so that the effect of 
electrostatic interactions can be ignored. 
c) The particles distribute uniformly across the interfaces and are densely packed. 
 
 
2.3 Aim of the thesis 
 
As introduced in the previous text, particles may induce wetting of a water surface by an 
oil. This phenomenon can be described quantitatively as a function of the interfacial ten-
sions of the air/oil, air/water, oil/water interfaces and the contact angles of these interfaces 
with the particles. One can calculate which one of the given scenarios is energetically 
most favorable and draw phase diagrams of particle assisted wetting. The aim of my work 
is the experimental testing of these phase diagrams. 
 
The general strategy of the experimental testing is: (1) take or synthesis particles and 
measure the contact angles of water/oil/particle and air/oil/particle; (2) mark the corre-
sponding position of the particles in the phase diagram and predict which of the scenario 
is most favorable; (3) mix the particles with the oil and apply the mixture onto a water 
surface; (4) investigate the structure formed on the water surface and compare the reality 
to the predictions. 
 
Spherical particles with exact knowledge of contact angles are hard work and/or will be 
expensive. Therefore, as the first step of my testing, I have designed and conducted ex-
periments with particles which are readily available: a series of irregular shaped silica 
particles with different surface hydrophobicity provided by Professor B.P. Binks in Hull 
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University, UK. The influence of the surface hydrophobicity of the particles on particle 
assisted wetting was investigated. In Chapter 3, this work will be discussed in detail. For 
this series of irregular particles which was used to study the formation and stability of 
Pickering emulsions30,59,60, the contact angles with the liquid interfaces are difficult to 
measure. Thus, only qualitative investigation is possible. Nevertheless, the qualitative re-
sults were encouraging enough for the further quantitative testing. 
 
In the second part of my work, a series of spherical silica particles was especially synthe-
sized by Stoeber method and then coated with various functional groups. Their contact 
angles with the liquid interfaces were investigated and the positions of the particles in the 
phase diagram were determined. Then experimental observations were compared directly 
to the theoretical prediction. Chapter 4 will show the quantitative investigation of particle 
assisted wetting by these well designed spherical particles. 
 
In Chapter 5, the determination of important parameters (contact angles, interfacial ten-
sions and the spreading coefficients) which are crucial for building phase diagrams will 
be discussed in detail. Finally, a conclusion of this research project will be given in Chap-
ter 6.  
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Chapter 3 Qualitative Test using Irregular Particles 
 
 
3.1 Introduction 
 
As discussed in the previous chapter, particles have a strong tendency to adsorb to fluid 
interfaces, mainly due to the reduction of the total interfacial energy upon replacing part 
of the liquid-liquid or liquid-vapor interface by a liquid-particle interface. One conse-
quence of this is the ability of particles to stabilize emulsions, the so-called Ramsden or 
Pickering emulsions27,30,59, 61-63. Since particles may act as surfactants, one might think of 
using them as wetting agents similar to low molecular weight surfactants. However, parti-
cles at surfaces usually prevent wetting of a surface, e.g. small wax particles on the cu-
ticula of plant leaves are responsible for the so-called Lotus effect64 (superhydrophobicity 
combined with self cleaning if exposed to water droplets) which in the meantime has been 
successfully translated into technical applications65. The main reason for this behavior is 
the fact that in those cases the particles are attached to solid surfaces and increase the con-
tact area of the liquid instead of decreasing it as they do in Pickering emulsions. 
 
On the other hand, particles can also be used as a wetting aid if a liquid interface is in-
volved. Particles easily form monolayers on a water surface57,66. An oil, that usually form 
lenses, can be dragged into the free space of the particle monolayer via capillary forces. It 
may form a wetting layer on a water surface. In the wetting layer, particles adhere either 
to the top interface or the bottom interface or both interfaces. Depending on the wettabil-
ity of the particles, it may also happen that the oil lenses and a monolayer of particles co-
exist or that the particles are completely embedded within the oil lenses.  
 
For example, oil trimethylolpropane trimethacrylate (TMPTMA) form lenses on a water 
surface, as shown in Fig. 1.5a. In a previous non-systematic experiment, it was discovered 
that when the mixture of TMPTMA and silica particles coated with methacrylate groups 
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was applied onto a water surface, a wetting layer with particles being adsorbed simulta-
neously to the bottom interface was formed (Fig. 1.5c)7. However, when the mixture of 
TMPTMA and silica particles coated with oligoisobutene chains was applied onto a water 
surface, no wetting layer formed. Only the coexistence between lenses of TMPTMA and 
irregular aggregates of the particles on the water surface was observed, as shown in Fig. 
1.5c and Fig. 1.5d. The previous experiment showed, for oil TMPTMA, particles coated 
with methacrylate groups assist the oil wetting the water surface, while partilces coated 
with oligoisbutene chains do not. Particle assisted wetting seems to depend markedly on 
the surface properties of the particles. 
 
The influence of the surface thermodynamics was discussed in Chapter 2. It was predicted 
that particles with a contact angle of 90o (either on the oil/water interface or on the air/oil 
interface) should be most suitable to assist wetting. Thus the most suitable particle should 
be those having intermediate hydrophobicity.  
 
In this Chapter, a series of particles of varying hydrophobicity was used to investigate in a 
systematic way the influence of particle hydrophobicity on particle assisted wetting.  
 
 
3.2 Experimental part 
 
3.2.1 Oil  
 
Trimethylolpropane trimethacrylate (TMPTMA) is a commonly used cross linking agent 
for radical polymerizations. It was used in this work due to the following facts: 
 
1) TMPTMA is non-wetting on a water surface. If it is applied to a water surface, 
either as pure substance or dissolved in a volatile solvent, it does not form a uni-
form wetting layer, but rather retracts into lenses of various sizes (Fig. 3.1 Right).  
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The interfacial tensions at 25°C of the air/TMPTMA interface and the 
TMPTMA/water interface were measured to be γao = 32.86 ± 0.50 mN/m and γow 
= 18.99 ± 0.50 mN/m, respectively. The values are similar to the corresponding 
interfacial tensions of other water-insoluble esters (e.g. in the case of n-butyl ace-
tate, γao = 23.60 mN/m, and γow = 13.40 mN/m)67. 
 
The spreading coefficient of TMPTMA was calculated to be S = -0.178 ± 0.12 
mN/m from lens angle measured by optical interferometry. The negative value of 
S is in accordance with the fact that TMPTMA alone forms lenses on a water sur-
face. The surface tension of water saturated with TMPTMA was measured to be 
γaw = 51.74 ± 0.10 mN/m. The fact that the presence of TMPTMA significantly 
lowers the surface tension of water indicates that the lenses coexist with a very 
thin layer, presumably a monomolecular layer on the water surface. The determi-
nation of interfacial tensions and the spreading coefficient will be in detail de-
scribed in Chapter 5. 
 
O
OO
O
O
O
 
 
Figure 3.1, Left: the chemical formulas of the TMPTMA; Right, SEM image of TMPTMA 
lenses on an air/water interface after cross linking and transferring to a plastic substrate. 
 
2)  TMPTMA is a multifunctional polymerizable oil. The use of a polymerizable oil 
has the advantage that one can solidify the oil, transfer it to solid substrates and 
image it with SEM. TMPTMA can easily photopolymerize in the presence of 
Type I photoiniators under the illumination of UV light. A small amount of the 
photo-initiator benzoin isobutyl ether (BIE) was applied in my work. It absorbs 
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UV light and forms free radicals to initiate the polymerization. The benzoyl radi-
cals created by the photolysis of this iniator have highly reactive towards carbon-
carbon double bonds. 
 
3)  TMPTMA is nonvolatile and immiscible with water. 
 
Therefore, TMPTMA was chosen as a target oil to investigate the influence of particle 
hydrophobicity on particle assisted wetting. 
 
3.2.2 Irregular particles with different hydrophobicity 
 
The series of irregular shaped silica particles with different hydrophobicity was provided 
by Prof. B.P. Binks (Hull University, UK). This series of particles was used to study the 
formation and stability of Pickering emulsions30,59,60 According to the description in lit-
erature30, the amorphous fumed silica powders (uncoated) were produced by Wacker-
Chemie (Burghausen). Their primary particles are appropriately spherical of diameter be-
tween 5 to 30 nm. The primary particles are aggregated into larger unit of about 100 nm 
in diameter. These hydrophilic silica powders were silylated to various extents by reaction 
with dimethyldichlorosilane in the presence of water followed by drying at 300oC for 2 
hours so that the particle surfaces contains silanol (SiOH) and dimethylsilane 
[SiOSi(CH3)2)Cl] groups68. The silanol content on the particle surface was determined by 
titration with aqueous NaOH. This hydrophobization method results in a series of parti-
cles with varied silanol content on the surface. According to the supplier, there were no 
indications of inhomogeneous coating of the particles. 
 
In this series of particles, the surface of the most hydrophilic particle was assumed to 
have 100% silanol groups and the hydrophobicity of the other particles is described in 
terms of the percentage of silanol groups remaining on their surfaces. The most hydro-
phobic particles possess 14% of silanol groups on their surface. Since the particles were 
too small to be observed under normal SEM, high resolution FESEM was utilized. As an 
example, the images of the particles bearing 14% silanol groups are shown in Fig. 3.2. 
The images of the other types of particles do no significantly differ from these. 
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Figure 3.2, High resolution Field Emission Scanning Electron Microscopy (FESEM) im-
ages of silica particles used in this study (14% SiOH). 
 
3.2.3 Method 
 
TMPTMA (technical grade) and the photo-initiator BIE (technical grade, 90%) were pur-
chased from Aldrich Chemicals. TMPTMA was purified by passing it through silica gel 
before use and then mixed with 5 wt.% of the photo-initiator BIE. Water (18mΩ/cm, total 
organic carbon < 5 ppm) was passed through a Milli-Q water system. 
 
About 100 mg of mixtures of TMPTMA (1.5% by weight with respect to chloroform), sil-
ica particles (0.3% by weight with respect to chloroform) and chloroform were applied 
onto the surface of water-filled Petri dishes (22.9 cm2 surface area) at 20oC. After evapo-
ration of the chloroform, the structures were solidified by photopolymerization via eight 
hours of irradiation with UV-light of 360 nm wavelength (intensity of 1.05 mW/cm2, 
Philips TL 36D 25/09N69), and then transferred to PMMA substrates or electron micros-
copy grids using horizontal transfer70 (placing the substrate horizontally below the water 
surface and then lowering the water level). No significant temperature changes occurred 
on the water surface. The copper or gold electron microscopy grids were purchased from 
Plano Company. 
 
The images were obtained using a Zeiss DSM 962 Scanning Electron Microscope (SEM) 
and a Hitachi S-5200 Field Emission Scanning Electron Microscope (FESEM). Balzers 
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Union MED010 and EVM052 deposition systems were used to sputter ∼ 20 nm of Pd/Au 
alloy on the sample surfaces to increase their conductivity. 
 
The surface tension of water in the presence of TMPTMA was measured with a KSV-
Sigma 70 tensiometer using a Du Noüy ring and Huh-Mason correction. Water and 5% of 
TMPTMA were vigorously stirred over night, and then the aqueous phase was separated 
from the excess of TMPTMA prior to the experiment. Interfacial tensions of TMPTMA 
against air and water were measured from the shape analysis of pendant drops with a G10 
Krüss interfacial tension analyzer. The system measurement error is lower than 2.8%. 
 
 
3.3 Results and discussion 
 
Mixtures of TMPTMA with silica particles dissolved/dispersed in chloroform, were ap-
plied to a water surface. After evaporation of the chloroform, the structures formed on the 
water surface were solidified by photopolymerization, then transferred to solid substrates 
and imaged with the help of SEM and high resolution FESEM. The core of these investi-
gations is to use particles of different surface hydrophobicity, compare their influence on 
the wetting of the water surface by the oil and identify the location of the particles in the 
interfaces via electron microscopy. 
 
In the experiment, the area per particle was deliberately chosen to be two times that of a 
close packed monolayer. Thus, the formation of patches is in agreement with a partial 
coverage of the surface by densely packed particles. Fig. 3.3 shows the SEM images of 
structures formed by the mixtures of TMPTMA with particles on a water surface, trans-
ferred to electron microscopy grids. It was found that, for the two most hydrophilic types 
of silica particles (silanol contents of 100% and 87%), only lenses were observed (see for 
example Fig. 3.3a). On the contrary, the most hydrophobic silica particles with silanol 
contents equal to and lower than 51%, help to form patches of stable homogenous layers 
on the water surface (Fig. 3.3c-3.3f).  
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(a)      (d) 
(b)      (e) 
(c)      (f) 
 
Figure 3.3, SEM images of (a) TMPTMA lenses formed from the mixture of TMPTMA 
and particles (87% SiOH); (b)-(e) patches formed from mixtures of TMPTMA and parti-
cles of decreasing hydrophilicity - (b) 80% SiOH, (c) 51% SiOH, (d) 36% SiOH, (e) 24% 
SiOH, (f) 14% SiOH. 
 
It is worth noting that the size of the patches and the area covered by the layer depends on 
the particle hydrophobicity. Upon increasing the silanol content from 14% to 36% (Fig. 
3.3f to Fig. 3.3d), the patch size is increased from a few hundred μm2 to several cm2. The 
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total area covered by these patches increased from 10% to 40% of the Petri dish. When 
the silanol content increases to 51% (Fig. 3.3c), the patch size begins to diminish again. 
This might imply that particles with a silanol content of 36% have an optimum compati-
bility with the oil TMPTMA and thus facilitate wetting more efficiently than the other 
particles. For particles with intermediate hydrophobicity, possessing silanol contents of 
67% and 80%, both TMPTMA lenses and patches of mixed layers were observed for each 
sample (Fig. 3.3b). In addition, the area covered by the patches (approximately 20%) is 
much smaller than those formed from more hydrophobic particles. 
 
The various observations described above indicate that the hydrophobicity of the particle 
surfaces determines the wetting behavior of TMPTMA at an air/water interface. As de-
scribed in Chapter 2, adsorption of particles to one or both interface(s) gives rise to a gain 
in energy that facilitates the wetting of water by the organic liquid. Therefore, one can 
expect the particles to be visible at least at one of the interfaces of the oil layer or at both. 
The more hydrophilic the particles are, the more one can expect them to adhere to the 
TMPTMA/water interface only or to completely transfer into the bulk water phase. This 
deduction was partially proven by high resolution FESEM images of the various inter-
faces involved. 
 
In order to identify whether the particles are adsorbed to any of the interfaces or even to 
both, the surfaces of the droplets and patches were imaged with high resolution electron 
microscopy. In Pickering emulsions, particles adsorbed to oil/water interfaces have been 
observed via SEM using a freeze fracture technique60,71 or immobilizing them through 
particle fusion72. In my experiment, I can not freeze the interface as fast as needed for 
freeze fracture SEM or sinter the particles through gentle heating. Therefore, it is decided 
to solidify the oil via room temperature photopolymerization. It is known that the photo-
polymerization of TMPTMA yields a gel at a conversion degree of only 3 to 4%73,74. This 
gel behaves already as a solid. The surface structure and contact angles are thus not sub-
stantially changed during the following completion of the polymerization. Since a con-
version of only a few percent does not substantially change the polarity of the organic 
liquid, it is assumed that the structures observed at the solidified layer closely reflect the 
structures formed in the liquid state. 
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As a reference, FESEM images of the top and bottom surfaces of the photocrosslinked 
lenses of the pure TMPTMA are shown in Fig. 3.4.  The images are essentially featureless 
except for some wrinkling. In the case of mixtures with particles of 100% and 87% si-
lanol group content, the top and bottom surfaces of the lenses formed have essentially the 
same appearance as the lenses of the pure oil, as shown in Fig. 3.5. It is thus very likely 
that these particles do not adhere to any of the interfaces, but completely submerge into 
the bulk water phase. 
 
Air / Oil Interface   Oil / Water Interface 
(a)     (c) 
(b)     (d) 
 
Figure 3.4, FESEM images of the air/oil interface (a and b) and the oil/water interface (c 
and d) of a photocrosslinked TMPTMA lens. 
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Air / Oil Interface   Oil / Water Interface 
(a)                                                  (c) 
             (b)         (d) 
 
Figure 3.5, FESEM images of the air/oil interface (a and b) and the oil/water interface (c 
and d) of a TMPTMA lens formed from the mixture of TMPTMA and particles (100% 
SiOH). 
 
The interfaces of the patches formed in the most advantageous case (36% silanol content) 
have a structure significantly deviating from the structure of the TMPTMA lens. FESEM 
images of the air/oil and the oil/water interface of the patches are shown in Figure 3.6. 
 
In this experiment, the mixing ratio between TMPTMA and particles, 5:1 by weight and 
9.4:1 by volume, was chosen in such a way that the thickness of an oil layer formed on 
top of a close packed layer of particles is thick enough to prevent the penetration of indi-
vidual aggregates from the top to the bottom. From the images shown in Fig. 3.6, it is 
found that the particles adhere to both interfaces of the patch. By comparing the images of 
the top surface (Fig. 3.6a and 3.6b) and the bottom surface (Fig. 3.6c and 3.6d), it seems 
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that the density of particles is higher on the bottom surface, implying that the particles 
tend to adhere to the TMPTMA/water interface more than to the air/TMPTMA surface.  
 
Air / Oil Interface   Oil / Water Interface 
(a) (c) 
(b)     (d) 
 
Figure 3.6, FESEM images of the air/oil interface (a and b) and the oil/water interface (c 
and d) of a patch formed from the mixture of TMPTMA and particles (36% SiOH). 
 
For particles with intermediate surface hydrophobicity, both lenses and patches of mixed 
layers were observed (Figure 3.7). The lenses again are essentially free of particles. The 
images of the patches indicate that the particles are also adsorbed at both the top (Fig. 
3.7a and 3.7b) and the bottom interfaces (Fig. 3.7c and 3.7d). 
 
From the above description, one can conclude that the hydrophobicity of silica particle 
surfaces significantly influences the wetting behavior of oil/particle mixtures on a water 
interface. For the most hydrophilic particles, only lenses of pure oil formed, with the par-
ticles being submerged into the aqueous phase. The most hydrophobic particles help to 
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form patches of stable homogenous mixed layers composed of oil and particles. In these 
cases the particles adhere to the air-oil as well as to the oil-water interfaces. For particles 
with intermediate hydrophobicity, lenses and patches of mixed layers were observed. The 
reasons for this behavior are not completely understood at the moment. One possible 
cause might be the heterogeneity of the particle shapes, which may cause a preferential 
adsorption/desorption of sub-sets of the particles to the various interfaces involved. 
 
Air / Oil Interface   Oil / Water Interface 
(a)      (c) 
(b)      (d) 
 
Figure 3.7, FESEM image of the air/oil interface (a and b) and the oil/water interface (c 
and d) of a patch formed from the mixture of TMPTMA and particles (80% SiOH). 
 
In order to compare the experimental result to the prediction of the theory described in 
Chapter 2, the knowledge of the contact angles of the particles at the air/TMPTMA and 
TMPTMA/water interfaces is required. However, for these series of irregular shaped par-
ticles, it is difficult to experimentally determine the contact angles of irregular particles at 
the air/oil and oil/water interfaces. A simple theoretical calculation using surface energy 
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theory was explored to estimate the contact angles. In Chapter 5.2, the calculation method 
will be introduced in detail. The calculated contact angles are summarized in Table 3.1. 
These contact angles determine the positions of these series of particles in the phase dia-
gram, as shown in Fig. 3.8.  
 
Table 3.1, Calculated contact angles (degree) of silica particles whose surface are with 
different hydrophobicity at the air/TMPTMA and TMPTMA/water interfaces. 
 
Particles A B C D E F G H 
% silane 100 87 80 67 51 36 24 14 
θaop 0 0 0 0 0 0 0 23.1 
θwop 110.5 100.7 95.2 84.3 68.9 50.2 24.5 0 
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Figure 3.8, Phase diagrams of particle assisted wetting for the wetting of water by the oil 
TMPTMA. The positions of particles A to H determined by contact angles are indicated 
by open circles. 
 
For particles A to G, the contact angles of air/oil/particles are zero. For most hydrophobic 
particles H, the contact angle of water/oil/particles is zero. Therefore, in the phase dia-
gram, the points demonstrating the irregular shaped particles are either on the x-axis or on 
the y-axis of the phase diagram. From these calculated contact angles values and the 
points representing the irregular shaped particles in the phase diagram, one can see a trend 
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that with decreasing hydrophilicity of the particle surfaces (in the order of particle A to G), 
the location of particles is expected to shift from being attached to oil/water interfaces to 
being attached to both interfaces (air/oil and oil/water), and finally to being attached only 
to air/oil interface. However, I did not observe such a clear transition in my experiment. If 
particles assist TMPTMA wetting a water surface and from hybrid patches, the particles 
always adhere to both interfaces as shown in Fig. 3.6 and Fig. 3.7. The most hydrophilic 
particles (A and B) submerge into the aqueous phase. One possible reason for the devia-
tion is the heterogeneity of the particle shapes. 
 
Here, I need to emphasize that the contact angle values in Table 3.1 were not measured 
experimentally, but calculated theoretically based on assumptions and previous literatures. 
Their accuracy need to be examined further. The experimental contact angles values for 
the irregular shaped particle are still unavailable, so that in this Chapter, only qualitative 
investigation can be conducted.  
 
Nevertheless, my experiment verified that the hydrophobicity of silica particle surfaces 
significantly influences the wetting behavior of oil/particle mixtures on a water interface. 
The results are encouraging enough that the further quantitative testing are designed and 
conducted. In the following Chapter 4, the quantitative investigation of particle assisted 
wetting with well designed spherical particles will be discussed. 
 
 
3.4 Conclusions 
 
A series of particles of varying hydrophobicity was used to investigate in a systematic 
way the influence of particle hydrophobicity on particle assisted wetting. Mixtures of 
TMPTMA and the particles were applied onto a water surface. After evaporation of sol-
vent, the structure formed on the water surface were solidified, transferred to substrates 
and investigated with the help of SEM.  
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The investigations shown in this Chapter demonstrate that the hydrophobicity of silica 
particle surfaces significantly influences the wetting behavior of oil/particle mixtures on a 
water interface. 
 
For the most hydrophilic particles, only lenses of pure oil formed, with the particles being 
submerged into the aqueous phase. The most hydrophobic particles help to form patches 
of stable homogenous mixed layers composed of oil and particles. In these cases the par-
ticles adhere to the air-oil as well as to the oil-water interfaces. For particles with inter-
mediate hydrophobicity, lenses and patches of mixed layers were observed. These three 
different observations verify that the hydrophobicity of the particle surface determines the 
wetting behaviour of the oil at the water surface. 
 
Only particles with surface silanol content lower than 50% can assist the wetting of water 
by TMPTMA and thus lead to a homogenous layer, the most efficient type of particle 
having 36% of silanol group. 
 
Particle assisted wetting is predominately a function of the hydrophobicity of the particle 
surface and might be achieved with particles made of various chemical substances, pro-
vided the surface properties are tuned accordingly, e.g. via chemical reaction, adsorption 
of amphiphiles or adjusting the pH more or less towards the isoelectric point. Specially 
the latter aspects might allow the switching between the wetting and the non wetting con-
dition by external stimuli, and might thus be of significant technological relevance. 
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Chapter 4 Quantitative Test using Spherical Particles 
 
 
4.1 Introduction 
 
It was discovered that particles can assist the wetting of a water surface by an oil. This 
phenomenon was named particle assisted wetting. This principle was utilized for the 
preparation of freely suspended membranes, especial membranes of controlled porosity. 
On the other hand, a simple theory describing the principles behind particle assisted wet-
ting was developed58. In general, placing a particle into a liquid/liquid or liquid/air inter-
face gives rise to a gain in energy. If mixtures of an oil and particles are applied to a water 
surface, the oil might either form lenses completely separated from the particles, or form 
lenses completely engulfing the particles, or form wetting layers in which the particles 
penetrate through at least one of the interfaces of that layer. Depending on the interfacial 
tensions of the air/oil, air/water, oil/water interfaces and the contact angles of these inter-
faces with the particles, one can calculate which of the above mentioned scenarios is en-
ergetically most favorable and draw phase diagrams of particle assisted wetting. 
 
In the previous Chapter 3, particle assisted wetting was investigated qualitatively using a 
photopolymerizable oil (TMPTMA) and a series of irregular shaped silica particles of 
various hydrophilicity. It was verified that the hydrophobicity of silica particle surfaces 
significantly influences the wetting behavior of oil/particle mixtures on a water interface. 
But for the irregular shaped particles, the contact angles with the liquid interfaces are dif-
ficult to measure so that no direct comparison to the theory was possible. In this Chapter, 
a series of variously coated spherical silica particles was prepared by Stoeber synthesis, 
and then modified by silane coupling agents. The contact angles of these particles at the 
air/water and oil/water interface were estimated by measuring the contact angle of oil 
droplets (in water and in air) on glass slides whose surfaces were treated with the same si-
lane coupling agents.  These contact angles determine the position of the ten various types 
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of particles in the phase diagram. At last, the comparison of the experimental results di-
rectly with the corresponding theoretical phase diagram was conducted.  
 
 
4.2 Experimental part 
 
4.2.1 Synthesis and surface modification of spherical particles  
 
As introduced in the Chapter 2, in the theory of particle assisted wetting, for the theoreti-
cal calculations of interfacial energy, spherical non-charged particles are considered for 
simplicity. To verify the theory experimentally, the first target is to synthesis colloidal 
spheres. 
 
There are a rich variety of chemical methods for producing colloidal spheres75. The best 
established and most commonly used methods seem to be controlled precipitation of in-
organic oxides, such as amorphous silica. In this work, I decided to synthesis spherical 
silica particles based on the following reasons. 
 
 1) Spherical silica particle produced by sol-gel method have been widely investigated. 
The precursors are not very reactive compared to other oxidic materials such like 
titania, tin oxide, etc. It makes the process easy to control76. Alkoxysilane com-
pounds are used in most cases. 
 
2) The surface of silica spheres prepared via precipitation reactions is usually termi-
nated in silanol groups (SiOH). Various functional groups can be easily intro-
duced onto the surface of the spheres by the reaction of silanol groups with Silane 
Coupling Agents (SCA)77. Therefore, it is not difficult to get a series of spherical 
silica particles with different functional groups on surface. 
 
3) Silica colloids prepared by precipitation reactions are easily obtained with mono-
dispersed diameter. The formation of narrow-size-distribution colloids involves 
coupled processes of nucleation, which yields nanosize primary particles, and con-
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trolled aggregation of these primary particles to form much larger final particles78. 
In my experiment, monodispersity of silica particles is not a crucial requirement. 
But using the silica particle with narrow polydispersities of diameter helps to es-
timate the surface area occupied by particles. 
 
4) Si-O bonds of silica are strong that the silica particles are stable over a period of 
time. Only at higher temperature range of 400-700 0C, the silanol groups will be 
crosslinked. When the temperature is raised above the glass transition temperature 
of amorphous silica (∼800 0C), the particles will start to fuse into aggregates75. 
The shape of silica can be formed and retained indefinitely time76 at room tem-
perature. 
 
Due to the above reasons, in my work, spherical silica particles were synthesized by 
Stoeber method. In 1968, Stoeber, Fink and Bohn reported an extremely useful procedure 
to prepare monodispersed silica particles79. This method involves the hydrolysis and fol-
lowed by condensation of tetraethylorthosilicate (TEOS) in water and ethanol solution at 
a high pH value. TEOS was used as a precursor and its ethoxy groups were hydrolyzed 
with water. Aqueous NH4OH act as a catalyst. The net reaction is  
OHHnCnSiO
NH
OHHC
OnHHOCnSi 522
3
52
2452 42)( ++  
The synthesis comprised two steps. In the initial stage, TEOS undergo hydrolytic reaction 
to form silicic acid, followed by condensation which generally starts within a few minutes. 
The condensation of silicic acid can be indicated by a sudden transition from a transparent 
solution to a turbid white suspension. The size of silica particles produced by Stoeber 
method can be varied from 50 nm to 2 μm simply by changing the concentrations of the 
reactants. 
 
The surface of the freshly synthesized silica particles is terminated with silanol groups, 
which can be ionized to generate a negatively charged interface at pH values higher than 
775. A chemical modification of the silica surface can be achieved by a reaction between 
surface silanol groups and silane coupling agents (SCA) under mild conditions.  
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The general formula of SCA used in my experiment is 3RSiX , where X is hydrolysable 
group (e.g. alkoxy group) and R is a nonhydrolysable organic radical. During the surface 
modification, covalent bonds formed between SCA and silane groups can be mono-, bi- 
or tridentate linkage80. As the result of surface modification, R groups replace silanol 
groups on the surface of the silica particles. There are many reports in the literatures con-
cerning the surface modification reaction between various SCA and the silica surface81-84. 
Here, it will not be discussed in detail. 
 
Scheme 4.1 depicts the process of the synthesis and the following surface modification of 
silica particles.  
 
 
 
Scheme 4.1, Process of synthesis and surface modification of spherical silica particles.  
 
 
Materials 
Tetraethylorthosilicate (98%), ethanol (99%), chloroform (99%) and ammonia aqueous 
solution (w/w 25%) were purchased from Merck and used as received. Water (18mΩ/cm, 
total organic carbon < 5 ppm) was passed through a Milli-Q water system. The informa-
tion of SCAs is summarized in Table 4.1.  
 
Mixture of H2O, NH3, ethanol 
Tetraethoxysilane(TEOS) 
alcosol
Silane coupling agent (SCA) 
Distillation, wash, centrifuge, drying  
Surface modified silica particle 
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Table 4.1, Silane coupling agents used in this work 
 
Silane Coupling Agents purity supplier 
1, MPPTM: 2-[Methoxy(polyethyleneoxy)propyl]trimethoxysilane  
(MeO) 3Si O
O
6  
90% ABCR 
2, APTE: 3-Aminopropyltriethoxysilane  
(EtO)3Si NH2  
99% Aldrich 
3, TMP: [3-(Methacryloyloxy)propyl]trimethoxysilane 
 
(MeO)3Si O
O
 
98% Aldrich 
4, GPTM: 3-Glycidyloxypropyltrimethoxysilane  
(MeO)3Si O
O  
98% Aldrich 
5, ODTE: n-Octadecyltriethoxysilane 
(EtO)3Si  
94% Lancaster
6, PTE: n-Propyltriethoxysilane  
(EtO) 3Si  
97% Aldrich 
7, PTM: Phenyltrimethoxylsilane 
(MeO)3Si
 
98% Lancaster
8, DTE: n-Decyltriethoxysilane  
(EtO) 3Si  
98% Lancaster
9, TFPTM: 3,3,3-Trifluoropropyltrimethoxysilane  
(MeO)3Si CF3  
97% Lancaster
10, PFOTE: 1H,1H,2H,2H-Perfluorooctyltriethoxysilane 
(EtO)3Si
F2
C
C
F2
F2
C
C
F2
F2
C
CF3
 
97% Lancaster
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A mixture of TEOS (9 ml), aqueous ammonia solution (w/w 25%, 16 ml), water (1 ml) 
and ethanol (200 ml) was stirred at room temperature for 4 hours. Followed by 1 ml of 
TEOS, 2 ml of aqueous ammonia solution and 0.5 ml of water were added. After stirring 
for another 1 hour, 4.28 mmol of silane coupling agent was added to the mixture. The 
mixture was stirred for another half an hour. Ammonia was evaporated at reduced pres-
sure (generated by a water pump) and then water and ethanol were evaporated by rotary 
evaporator. The crude white product was subsequently washed with ethanol by four cy-
cles of centrifugation and ultrasonic dispersion. Finally, after the solvent evaporation, 
SCA-modified spherical particles were obtained. 
 
4.2.2 Method  
 
The oil used in this work is again TMPTMA. It was purified by passing it through silica 
gel before use. Mixtures of TMPTMA (3.5 wt %), the photoinitiator BIE (0.175 wt %) 
and spherical silica particles (0.5% wt) in chloroform/ethanol (4:1 by weight) were ap-
plied onto the surface of a water-filled Langmuir trough (927 cm2 surface area) at 20oC. 
After evaporation of the solvent, the surface pressure/area isotherms were recorded using 
a 20 cm × 46 cm rectangular Langmuir trough (Lauda FW2, Germany) made of PTFE, 
equipped with one compression barrier and a floating barrier for the detection of the sur-
face pressure via the Langmuir method. After lateral compression to a certain surface 
pressure, the structures were solidified by photopolymerization via 40 hours of irradiation 
with a UV-light ((Benda, NU-6 KL, 253 nm and 366 nm wavelength) and then transferred 
to PMMA substrates using horizontal transfer70. 
  
The particles were removed by the following process: a small Petri dish (polystyrene) 
with solidified samples was placed inside a second larger Petri dish, a drop of hydroflu-
oric acid (48%) was added into the large Petri dish, the large Petri dish was covered with 
its lid and the samples were exposed to the hydrofluoric acid vapor emanating from the 
drop for 5 min. 
 
The SEM images were obtained using a Philips SEM 515 Scanning Electron Microscope 
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(SEM) and a Nova NanoSEM 200 Scanning Electron Microscope. 
 
For the calculation of the mass of spherical particles to be applied to water surface, it is 
assumed that all the particles are hexagonally close packed. Thus, the area per particle is 
given by the area of a rhombus with an angle of 600 and a side length equal to the particle 
diameter (D)33. 
  2020 2
360sin DDA ==       (4.1) 
The mass needed for the formation of close packed monolayer can be calculated by 
  
336)2/3(
3
2
0
DAD
D
Am
A
AM o
πρρπ =⋅⋅==     (4.2) 
Here, A, m0, ρ are area of the water surface, mass of one particle, density of silica (ρ = 1.9 
g/cm3)85, respectively. 
 
The spherical particles were dispersed in ethanol, and a drop of the solution was added 
onto a TEM grid (Plano). A filter paper was used to remove excessive solution from the 
grid. After solvent evaporation, the grid was observed by TEM on a Philips EM 400T mi-
croscope. 
 
 
4.3 Results and discussion 
 
The diameters of coated spherical particles are varied from batch to batch (see Table 4.2). 
Average diameter of the coated particles was 250 nm. As long as gravity and dispersive 
forces can be ignored (particle diameter 〉 100 nm and 〈 1 μm), the theory of particle as-
sisted wetting is scale invariant and this size variation of the particles can be accepted. 
 
The series of spherical particles has size polydispersity of ∼10%. Since monodispersity of 
particle is not regarded in the theory either, these particles with certain size polydispersi-
ties can be used in my experiment. 
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Table 4.2, Diameters of spherical particles and contact angles of spherical particles at 
the air/TMPTMA and TMPTMA/water interfaces. 
 
Particles SCA Diameter 
(nm) 
θaop 
(degree) 
θwop 
(degree) 
1 MPPTM 340 ± 30  1.22 116.07 
2 APTE 210 ± 20 6.65 114.70 
3 TMP 220 ± 20 9.50 100.78 
4 GPTM 530 ± 30 15.58 86.29 
5 ODTE 250 ± 20 25.96 82.01 
6 PTE 180 ± 15 22.47 79.72 
7 PTM 190 ± 20 20.31 64.83 
8 DTE 210 ± 20 24.93 63.47 
9 TFPTM 200 ± 20 36.55 53.17 
10 PFOTE 240 ± 20 56.43 42.35 
 
 
As an example, the TEM images of particles 6 coated with PTE are shown in Fig. 4.1. 
The images of the other types of particles do no significantly differ from Fig. 4.1. 
  
(a) (b) 
 
Figure 4.1, TEM images of spherical particles 6 coated with PTE. 
 
The contact angles of these particles at the air/water and oil/water interfaces were esti-
mated by measuring the contact angles of oil droplets (in water and in air) on glass slides 
1 μm 
200 nm 
1 μm 200 nm 
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whose surfaces were treated with the same silane coupling agents. This measurement will 
be described in detail in Chapter 5.2.1. According to these contact angles (see Table 4.2), 
the positions of the ten types of particles in the phase diagram can be determined, as 
shown in Fig. 4.2. 
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Figure 4.2, Phase diagrams of particle assisted wetting for the wetting of water by the oil 
TMPTMA. The positions of particles 1 to 10 determined by contact angles are indicated 
by open circles. The surfaces of particles 1 to 10 were modified by SCA 1 to 10 (shown in 
Table 4.1), respectively.  
 
As indicated in Fig. 4.2, the phase diagram predicts that all the ten kinds of particles will 
assist the wetting of a water surface by the oil TMPTMA. For particles 10 coated with 
PFOTE, the most hydrophobic SCA, the theoretical expectation is the formation of a 
monolayer of particles at the air/oil interface and no particles at the oil/water interface. On 
the contrary, for the rest kinds of particles, a monolayer of particles at the oil/water inter-
face is expected by the theory. The core of the investigation in this Chapter is to compare 
these predictions with the experimental observation. 
  
Initially, the same experimental method used in previous Chapter 3 was adopted. The 
mixtures of silica particles and TMPTMA were applied on the surface of water-filled 
Petri dishes (22.9 cm2 surface area). The amount of silica particles in the mixture was cal-
culated to occupy half of the water surface if a monolayer of particles forms. After evapo-
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ration of the solvent, the structures formed on the water surface were solidified by photo-
polymerization, then transferred to solid substrates and imaged with the help of SEM. 
SEM images of the top and bottom surfaces of the mixed layers formed on water surfaces 
from the mixtures of TMPTMA and particles are shown in Fig. 4.3, Fig. 4.4 and Fig. 4.5. 
 
Air / Oil Interface           Oil / Water Interface 
(a)      (b) 
(c)      (d) 
   (e)      (f) 
Figure 4.3, SEM images of the mixed layers f TMPTMA and particles 1, 2 and 3. 
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Air / Oil Interface  Oil / Water Interface  
(a)            (b) 
(c)            (d) 
       (e)           (f) 
     (g)         (h) 
 
Figure 4.4, SEM images of the mixed layers f TMPTMA and particles 4, 5 , 6 and 7. 
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Air / Oil Interface  Oil / Water Interface 
(a)     (b) 
(c)     (d) 
(e)     (f) 
 
Figure 4.5, SEM images of the mixed layers f TMPTMA and particles 8, 9 and 10. 
 
According to the positions of the particles in the phase diagram, I classified these ten 
kinds of particles into three groups: most hydrophilic particles, intermediate hydrophilic 
particles and hydrophobic particles. The most hydrophilic particles include particles 1 
coated with MPPTM, particles 2 coated with APTE and particles 3 coated with TMP. The 
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intermediate hydrophilic particles are 4, 5, 6, 7 coated with GPTM, ODTE, PTE and PTM, 
respectively. And the hydrophobic particles include 8, 9, 10 coated with DTE, TFPTM 
and PFOTE, respectively. Actually, the classification of the particles is rather arbitrary. 
But due to this classification, it is easy to discuss the SEM images. 
 
Fig. 4.3 shows the SEM images of the top and bottom surfaces of the mixed layers 
formed on a water surface from mixtures of TMPTMA and the most hydrophilic particles 
1, 2 and 3. In these mixed layers, close packed particles adhere to the water/oil interfaces. 
Except for particles 1, a small amount of particles were also observed on the air/oil sur-
faces (Fig. 4.3 c and e). The more hydrophobic particles are (in the order to particles 1, 2, 
3), the more particles adhere to the air/oil surface. Another set of SEM images of mixed 
layers from mixtures of TMPTMA and intermediate hydrophilic particles 3, 4, 5, 6 (see 
Fig. 4.4) shows a similar trend. SEM images from hydrophobic particles 8, 9, and 10 are 
shown in Fig. 4.5. These SEM images indicate that all the ten kinds of spherical silica 
particles assist the wetting of a water surface by TMPTMA, which is in agreement with 
the theoretical prediction. However, considering the positions of particles within the 
mixed layers formed on the water surface from the mixtures of TMPTMA and particles, 
discrepancy between the theory and experiments were observed. 
 
The theory of particle assisted wetting predicts that within the mixed layers, particles 7 
adhere to the top air/oil surface and the rest kinds of particles adhere to the bottom 
oil/water interfaces. No kinds of particles adhere to both interfaces according to their po-
sitions in the phase diagram (see Fig. 4.2). However, experimental observation shows that 
except particles 9 and 10, all other particles adhere to both interfaces. At the bottom 
oil/water interfaces, particles are closely packed and at the top air/oil surfaces, particles 
are distributed randomly. Only the images of particle 9 and 10 agree with theoretical ex-
pectations. 
 
The disagreement between the theory and experimental results looked puzzling. It can be 
attributed to either the immature theory or the improper experiment method. At first, I 
took effort to optimize the theory. In the theory of particle assisted wetting, as introduced 
in Chapter 2, it was assumed that a mixture of oil and particles applied to a water surface 
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can adopt the following five scenarios: (a) formation of oil lenses completely separated 
from the particles; (b) formation of oil lenses completely engulfing the particles; forma-
tion of mixed layers with particles adsorbed to (c) the top, (d) the bottom, or (e) both in-
terfaces3.  In my experiment, a new scenario was frequently observed: formation of a 
mixed layer in which particles are closely packed to one interface and less closely packed 
to the other interface. To take the above described scenario into account, the total interfa-
cial energy of the scenario was calculated and compared to those of the original five sce-
narios.  
 
It was found that the new scenario (less than close packing at one of the two interfaces) is 
energetically unfavorable at any given contact angles. Particles within the mixed layer of 
the scenario have tendency to change their positions to reach the minimum total interfa-
cial energy. That is, at an equilibrium state, the scenario does not exist any more. Accord-
ing to the theoretical calculation, it was concluded that the new scenario is thermody-
namically unstable and can not be integrated into the phase diagram. 
 
On the other hand, the calculation gave me a hint that the reason of the frequent observa-
tion of this new scenario in my experiment can be attributed that the system could not 
reach an equilibrium state. The discrepancy between the theory and experiments might be 
result of the improper experiment method. 
  
Given the fact that the area of the water surface (22.9 cm2) is only twice of the calculated 
area of particles if a monolayer form, the particles might not have enough freedom to 
reach their equilibrium positions within the mixed layers. In order to solve this problem, a 
much larger water surface (927 cm2) of a filled Langmuir trough was used. Another ad-
vantage of using Langmuir trough is that the surface area of the trough can be varied by 
sweeping movable barriers over the surface of the trough. Opposing the movable barrier, 
it is a floating barrier, which picks up the lateral force exerted by the continuously com-
pressed monolayer. This lateral force divided by the width of the barrier is called ‘surface 
pressure’. Usually, this surface pressure is plotted via the area of the trough. This diagram 
is often simply called is a ‘isotherm’ of a layer. 
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The new experimental method using LB trough was the following: mixtures of TMPTMA 
and spherical silica particles were applied onto the surface of a water-filled Langmuir 
trough. After evaporation of the solvent, the patches of mixed layer are separately distrib-
uted on the water surface. Then the surface was compressed by the moving barrier. At the 
same time, the surface pressure/area isotherms were recorded. With the compression of 
the moving barrier, the patches of mixed layer approach to each other and finally a layer 
was formed indicated by an increase of the surface pressure.  
 
Because this new approach is laborious, a representative set of four types of particles out 
of ten was chosen to test. Fig. 4.6 shows the isotherm curves of the mixed layers contain-
ing TMPTMA and silica particles 2, 6, 9 and 10 coated with APTE, PTE, MPPTM and 
PFOTE, respectively. 
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Figure 4.6, Surface pressure/area isotherms of the mixed layers containing particles and 
TMPTMA. The vertical dashed and dotted lines indicate the area theoretically expected 
for a monolayer and for a double layer of particles. The arrows indicate the area per par-
ticle used for the experiments depicted later. 
 
Isotherms of the mixed layers containing TMPTMA and particles 2, 6 and 9 show one 
step in which the surface pressure steeply raises upon compression. The isotherm of parti-
cle 9, on the other hand, shows two steps. The steps in the isotherms 6, 10 and the first 
step in the isotherm 9 all occur near the area estimated for a close packed monolayer of 
these particles (dashed vertical lines in Fig. 4.6). The isotherm 6 shows a second step oc-
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curring close to the area expected for a double layer (dotted vertical lines in Fig. 4.6). The 
step in isotherm 2 occurs at an area between the area expected for a monolayer and a dou-
ble layer. Therefore, one can conclude that the first step of 9 and the steps of 6 and 10 in-
dicate the compression and finally collapse of a monolayer of particles. The second step 
of 9 indicates that the monolayer of particle 9 undergoes a transition to a double layer 
which finally is compressed further into collapse. In the case of isotherm 2, no clear inter-
pretation based on the isotherm alone is possible. It is worth noting that the more hydro-
phobic the particles are (in the order of 2, 6, 9, 10), the area at which the step occurs 
moves the closer to the expected area. It is therefore reasonable to assume that there is a 
loss of some of the particles into the water phase and this loss is most pronounced in case 
of the hydrophilic particles 2.  
 
In order to test the interpretation of the isotherms and the prediction of the theory, in a 
second experiment, mixtures of the particles and TMPTMA were applied onto the surface 
of a water-filled Langmuir trough and the mixed layers were compressed to the onset of 
the steps in the isotherm (see arrows labeled in Fig. 4.6), solidified and imaged with scan-
ning electron microscopy.  
 
SEM images confirmed that for particles 2, 6 and 10, the experimental results totally 
agree with the theoretical prediction. In the case of particles 2 and 6, theoretical expecta-
tion is the formation of a mixed layer containing particles and TMPTMA on a water sur-
face. In this mixed layer, a monolayer of particles adheres at the oil/water and no particle 
at the air/oil interface. The experimental observation matched this theoretical prediction. 
Fig. 4.7a and Fig 4.7b show the SEM image of the top and bottom surface of the mixed 
layers of TMPTMA and particles 2 formed on a water surface at the surface pressure in-
dicated by the arrows in Fig. 4.6. The particles adhered at surface of the mixed layer can 
be removed by exposure to hydrofluoric acid vapor. Fig 4.7c and Fig 4.7 d show the SEM 
images of the top and bottom surface of the mixed layer after the removal of the particles. 
The holes left on the bottom surface (Fig 4.7d) were occupied by silica particles before 
HF treatment, which is once again verified that particles 2 adhere to the oil/water inter-
face in the mixed layer. SEM images of the mixed layer of TMPTMA and particles 6 are 
shown in Fig. 4.8. 
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Air / Oil Interface   Oil / Water Interface 
(a)     (b) 
(c)     (d) 
Figure 4.7, a,b: SEM images of the mixed layer of TMPTMA and particles 2 coated with 
APTE; c,d: SEM images of the mixed layer of TMPTMA and particles 2 after removal of 
particles. 
 
Air / Oil Interface   Oil / Water Interface 
   (a)     (b) 
Figure 4.8, SEM images of the air/oil surface (a) and the oil/water interface (b) of the 
mixed layer of TMPTMA and particles 6 coated with PTE.  
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Particle 7 is the most hydrophobic particles among the series of spherical particles. The 
theoretical expectation is the formation of a monolayer of particles adheres at the air/oil 
and no particle at the oil/water interface. The experimental observation was again in 
agreement with the theoretical prediction. Fig. 4.9a and Fig 4.9b show the SEM image of 
the top and bottom surface of the mixed layers of TMPTMA and particles 7 formed on a 
water surface at the surface pressure indicated by the arrows in Fig. 4.6. Fig 4.9c and Fig 
4.9d show the SEM images of the mixed layer after the removal of the particles. 
 
Air / Oil Interface   Oil / Water Interface 
   (a)     (b) 
   (c)     (d) 
    
Figure 4.9, a,b: SEM images of the mixed layer of TMPTMA and particles 7 coated with 
PFOTE; c,d: SEM images of the mixed layer of TMPTMA and particles 7 after removal 
of particles. 
 
In the case of particle 9 coated with TFPTM, a monolayer of particles at the oil/water in-
terface, as in 2 and 6, was predicted by the theory. As shown in Fig. 4.10, the isotherm of 
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the mixed layer of TMPTMA and particles 9 show two steps. The first step occurs near 
the area estimated for a close packed monolayer of the particles, and the second step close 
to the area for a double layer. Because the position of particle 9 in the theoretical diagram 
is already close to the stability region of a double layer with adhere particles to the both 
interfaces, it was supposed that upon compression, the monolayer at lower surface pres-
sure (e.g. arrow b in Fig. 4.6) undergoes a transition into the double layer at higher sur-
face pressure (e.g. arrow a Fig. 4.6). My experiment confirmed part of the assumption. It 
demonstrated that at the high surface pressure, the mixed layer contains two layers of par-
ticles adhering to both interfaces. Fig. 4.10 show SEM images of the top and bottom sur-
face of the mixed layers of TMPTMA and particles 9 formed on a water surface at the 
surface pressure indicated by the arrow b in Fig. 4.6. 
 
Air / Oil Interface   Oil / Water Interface 
(a) (b) 
 
Figure 4.10, SEM images of the mixed layer of TMPTMA and particles 9 coated with 
TFPTM formed at the surface pressure indicated by the arrow b in Fig. 4.6. 
 
However, the structure of the mixed layer at lower surface pressure seems to deviate from 
the theoretical expectation: a monolayer of particles adheres at the oil/water interface. In-
stead, I observed at the most places of the sample a monolayer in which the particles are 
embedded in a thin layer of oil and protrude out of this layer at both interfaces (see Fig. 
4.11e). At other places, the excess of the oil seems to form thicker lenses, the particles 
predominately adhering to the top surface of these lenses. 
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Fig. 4.11 show the cross section SEM images of the mixed layers of TMPTMA and parti-
cles 2, 6, 9 and 10.  
(a)     (d) 
(b)     (e) 
   (c)     (f) 
 
Figure 4.11, a, b, c: SEM images of the mixed layer of TMPTMA and particles  2(a), 6(b) 
and 10 (c); d, e, f: SEM images of the mixed layer of TMPTMA and particles 9 at (d) a 
higher surface pressure and (e, f) at a lower surface pressure. 
2 μm 1 μm
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4.4 Conclusion 
 
A series of spherical silica particles were prepared by Stoeber method, and then surface 
modified by ten kinds of silane coupling agents. The contact angles of these particles at 
the air/water and oil/water interface determine the positions of these particles in the phase 
diagram. To compare the experimental results directly with the corresponding theoretical 
phase diagram, mixtures of TMPTMA and spherical particles were applied onto the sur-
face of a water-filled Langmuir trough. After evaporation of solvent and a lateral com-
pression of the water surface, the mixed layers were solidified, transferred to substrates 
and investigated with the help of SEM. 
 
The investigations shown in this Chapter demonstrate that the theoretical predictions 
agree at large extent with the experimental results.  All scenarios of wetting layers (parti-
cle adhering at the air/oil interface or at the oil/water interface or at both interfaces) 
adopted in the theory were experimentally observed. 
 
For hydrophilic particles (e.g particles 2 coated with APTE), the experimental observation 
matched this theoretical prediction: formation of a monolayer of particles at the oil/water 
interface and no particles adhering at the air/oil interface, while for hydrophobic particles 
(particle 10 coated with PFOTE), a monolayer of particles adhering to the oil/water inter-
face only was theoretically predicted and experimental confirmed. The position of the 
particles was verified to be influenced by choosing appropriate contact angles, which is in 
agreement with the theory.  
 
On the other hand, deviations from the theory were also found in experiment. If the parti-
cles have similar affinity to both interfaces (e.g. particles 9), the morphology of the layer 
is more complicated than expect. The experimentally observed morphology depends on 
the surface pressure in addition. At a low surface pressure, a monolayer in which the par-
ticles are embedded in a thin layer of oil and protrude out of this layer at both interfaces 
was observed at most places. At other places, the excess of the oil form thicker lenses 
while the particles predominantly adhering to the upper surface. At a higher surface pres-
sure, a double layer with particles adhering to the both interfaces was observed. It is plau-
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sible that the monolayer undergoes a transition into the double layer with particles upon 
compression. It might therefore be necessary to extend the simple theoretical picture to 
take these observations into account.  
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Chapter 5 Determination of Important Parameters  
 
 
As discussed in the previous chapters, in our system, interfacial tensions (γow, γoa, γaw) of 
three phases (oil, water, air) and contact angles of particles at the air/oil/particle and wa-
ter/oil/particle interfaces are essential parameters to build up the phase diagram of parti-
cle-assisted wetting and determine the position of different type of particles in the phase 
diagram. Therefore, the accurate measurement of these parameters is the fundamental and 
important part of my work.  
In this chapter, the measurement of interfacial tensions and contact angles are described 
in detail. A new method for the determination of the spreading coefficient of oils is dis-
cussed as well. 
 
 
5.1 Interfacial tension measurement 
  
5.1.1 Pendant drop shape analysis 
 
The interfacial tensions of oil/air and oil/water interfaces were determined by pendant 
drop shape analysis (Krüss G10 contact angle measuring system). The experiment setup is 
shown in Figure 5.1. In a glass cell, a drop of oil is hanging from a syringe tip in air or in 
water. After recording the image of the pendant drop by means of a CCD camera con-
nected to a computer, drop shapes are evaluated with the help of Pendant Drop Analysis 
(PDA) software from Krüss.  
 
The shape of a drop of oil hanging from a syringe tip is determined by the balance be-
tween gravity and surface forces which include the interfacial tension of that oil. The in- 
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terfacial tension at the oil interface can be related to the drop shape through the following 
equation: 
   βργ /20gRΔ=       (5.1)  
where Δρ = the density difference between oil and the surrounding fluid (air or water)  
 g = gravitational constant 
 R0 = radius of drop curvature at apex  
β = shape factor 
                  
Figure 5.1, Experiment setup of pendant drop measurement. The glass cell with the glass 
lid was purchased from Hellma GmbH.  
 
The shape factor β can be calculated by fitting a solution to the Young-Laplace equation, 
expressed as a set of dimensionless, first-order equations as shown in the figure below, to 
the experimentally determined profile coordinates. In these equations, X and Z are the 
horizontal and vertical coordinates, respectively. S is the arc length measured from the 
drop apex. And φ is the angle between the surface tangent and the horizontal coordi-
nate86,87.  
 
PDA software using iterative approximations allow solution of the Young-Laplace equa-
tion for β to be calculated. Therefore, for any pendant drop where the densities of the two 
phases in contact are known, the interfacial tension can be measured.  
 
CCD 
camera Glass cell
PC with PDA-software
Syringe tip with 
an oil drop 
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Figure 5.2, Young-Laplace equation for calculation of the shape factor β 
 
As shown in Eq. 5.1, the interfacial tension is proportional to the density difference (Δρ) 
between oil and the surrounding phase. The accurate value of density difference is needed 
to determine the interfacial tension especially for oils like TMPTMA whose density (1.06 
g/cm3 given by the supplier) approaches that of water. The density calibration of 
TMPTMA was conducted using a series of glucose solutions with known densities88.  
 
D(+) glucose anhydrous was dried under vacuum overnight before use. Then twelve set 
of glucose aqueous solutions differing concentration in which 16 to 19 gram glucose dis-
solved in 100 gram water were prepared. In this concentration range, the relationship be-
tween the density of the glucose aqueous solution (ρ, g/cm3) and its concentration (c, 
g/100 ml water) is given by 
 39263 10743375.01030345.21038046.3998202.0 ccc −−− ×−×−×+=ρ      (5.2)  
Into each of these glucose solutions, several drops of TMPTMA were added. In glucose 
solutions whose density is higher than that of TMPTMA, the oil drops move upwards to 
the air/solution surface and later merge into a big oil lens. On the contrary, the oil drops 
sink to the bottom of the glucose solutions. Only for the solution whose density is equal to 
that of TMPTMA, the drops neither float nor sediment in the glucose solutions. It was 
found that in the solution containing 17 gram glucose per 100 ml water, the TMPTMA 
drops neither float nor sediment. Therefore, the density of TMPTMA at room temperature 
was determined to be 1.06265 g/cm3 by Eq. 5.2. Using calibrated density helps to get in-
terfacial tensions of the oil of greater precision. 
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To measure the interfacial tension of an oil against water which is saturated by the oil, 
TMPTMA was physically dispersed in water. Then the dispersion of oil and water were 
centrifuged for three hours. After the two phases were separated, both phases were used 
for pendant drop shape analysis. The interfacial tensions of TMPTMA against water and 
air were measured to be 18.99 mN/m and 32.86 mN/m, respectively. For PETA, the inter-
facial tensions against water and air are 9.28 mN/m and 39.14 mN/m, respectively. 
 
5.1.2 The ring method 
 
The interfacial tensions of water saturated with oils against air were measured by the Du 
Nouy ring method. The measurement is performed by a KSV Tensiometer, an instrument 
incorporating a precision microbalance, a platinum ring with defined geometry and a pre-
cision mechanism to vertically move sample liquid.  The ring hanging from the balance 
hook is first immersed into the liquid and then carefully pulled up the surface of the liquid. 
As the ring moves upwards it raises a meniscus of the liquid. Eventually this meniscus 
tears from the ring and returns to its original position. Prior to this event, the volume, and 
thus the force exerted, of the meniscus passes through a maximum value and begins to 
decrease before the actual tearing.  
 
                
 
Figure 5.389, the measuring process of Du Nouy ring method (left) and the measured 
force curve (right). 1, the ring is above the surface and the force is zeroed; 2, the ring hits 
the surface and there is a slight positive force because of the adhesive force between the 
ring and the surface; 3, the ring must be pushed through the surface with causes a small 
negative force; 4, the ring breaks through the surface and a small positive force is meas-
ured due to the wetting of the vertical supporting wires of the ring; 5, when lifted through 
the surface the measured force starts to increase because the surface tension of the liquid 
tries to prevent the ring from escaping its surface; 6, the liquid is attached to the ring 
while pulling it up until the maximum force is reached; 7, the maximum force (F) is 
needed to pull the ring from the liquid; 8, after the maximum there is a small decrease of 
the force until the ring detach from the liquid. 
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The calculation of surface or interfacial tension by this technique is based on the meas-
urement of the maximum forces F (7 in Figure 5.3).  
  RF πγ 4/=         (5.3) 
where R is the radius of the ring90.  
 
The depth of immersion of the ring and the level to which it is raised when it experiences 
the maximum pull are irrelevant to this technique. The original calculations based on the 
ring technique were based on theories which apply to rings of infinite diameter and do not 
consider an additional volume of liquid which is raised due to the proximity of one side of 
the ring to the other. Mathematical corrections which compensate for this extra liquid 
have been produced. KSV software utilizes the corrections suggested by Huh-Mason. The 
interfacial tension of water saturated by TMPTMA against air was determined to be 51.74 
mN/m after Huh-Mason correction. That of PETA is 49.93 mN/m. 
 
The interfacial tensions of oils and their equilibrium spreading coefficients were summa-
rized in the following table. 
 
Table 5.1, Interfacial tensions (mN/m) and spreading coefficients (mN/m) of oils. 
 
oil γao  γow  γaw  S 
TMPTMA 32.86 50.0± 18.99 50.0± 51.74 10.0±  -0.11 70.0±
PETA 39.14 50.0± 9.28 50.0±  49.93 10.0±  1.51 70.0±  
 
The equilibrium spreading coefficient S indicated in Table 5.1 is calculated according to 
the equation:  
owaoawS γγγ −−=        (5.4)  
The equilibrium spreading coefficient of TMPTMA is -0.11 mN/m, which is in agreement 
with the fact that the oil is non-spreading. However, for the other non-spreading oil PETA, 
the positive equilibrium spreading coefficient of 1.51 mN/m looks puzzling. When drop-
ping these two oils on the pure water surface, the both oils spread initially because the 
pure water/air surface tension of 72.0 mN/m at 25 degree is bigger enough to surpass the 
sum of γao and γow. However, when the water phase is gradually saturated by the oil, γaw is 
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dramatically decreased but γao and γow only changed slightly. During this process, the 
spreading coefficient keeps decreasing from positive value to negative value until the 
equilibrium state reaches.  Experimentally, the initially spreading layer gradually con-
tracts into lenses. The calculated positive S value of PETA might be due to the fact that 
comparing to TMPTMA, PETA needs longer time to reach its equilibrium state. The 
PETA/water/air system didn’t reach its equilibrium state when the γaw was measured by 
the ring method. 
 
Another possible reason for the unexpected negative spreading coefficient is the errors of 
the measured interfacial tensions. Since the S values of both oils are close to zero, even 
the small errors of the interfacial tensions will cause the calculated S value changing from 
negative to positive when the Eq. 5.4 is used to calculate spreading coefficient. Therefore, 
other calculation method in which the effect of measuring errors of interfacial tension is 
not crucial will be helpful to determine the spreading coefficient more accurately. In 
chapter 5.3, it will be discussed in more detail. 
 
 
5.2 Contact angle determination 
 
5.2.1 Spherical particle 
 
The development of a reliable method for the determination of a three-phase contact angle 
of small spherical particles to liquid surfaces has been studied for many years.  The most 
direct method is measuring by an optical microscopy91,92. But the lower practical limit for 
the particle size is 20 to 30 μm, which is much bigger than our particle size of diameter 
from 180 nm to 240 nm. 
 
Butt et al. recently developed a new approach which involves attachment of small spheri-
cal particles with the cantilever of an atomic force microscope (AFM) and the followed 
approach to the air/water surface. By measurement of the equilibrium position of the par-
ticles attached at the air/water surface or the ‘pull-off’ force, the particle contact angle can 
be determined93,94,95. This method allows the particle contact angle at the air/oil surface 
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(θaop) and oil/water (θwop) to be determined. But it requires sophisticated equipment and 
good skills to fix the particle to the cantilever without spreading glues all over the particle 
surface, so that this method is not recommended to those particles with size smaller than 
1μm diameter. 
 
VN Paunov developed a new method for determining the three-phase contact angle of 
spherical particles adsorbed at the air/water or oil/water interface96,97. This gel trapping 
technique (GTT) is based on spreading the particles on an air/water or oil/water surface 
and subsequent gelling of the water phase with non-surface-active hydrocolloid polymer 
(gellan). The particle monolayer trapped on the surface of the gel is then replicated and 
lifted up the PDMS elastomer. SEM imaging of the particle position on the PDMS surface 
provides information on the particle contact angles at the air/water or oil/water interface, 
respectively. In this method, particles are added onto the surface of 2% gellan water solu-
tion at 50oC degree. After the water phase was cooled to room temperature to get the gel, 
the mixture of PDMS elstomer and the curing agent was added onto the gel. The position 
of the particles with respect to the PDMS surface was then determined from SEM. The 
smallest particle size for this method depends on the resolution of the SEM equipment, 
the type of the electron detector, and the contrast between the PDMS and the particle ma-
terial. This method is a suggested technique for determining contact angles of micropari-
cles, especially metal particles. However, it is still in discussion whether the temperature 
change and the presence of gellan, PDMS and the curing agent will perturbs the interfa-
cial free energy and changes the contact angles of particles at the air/water and oil/water 
interfaces. 
 
The above discussed several common used methods to determine the contact angles of 
spherical particles on interfaces all have limitation and cannot be used in our work.  
 
In another method, the contact angles of powder particles are estimated by measuring the 
contact angles of a liquid drop on a powder tablet. Instead of forming a powder tablet, I 
used the similar way to determine the contact angles of particles on both air/oil and 
oil/water interfaces by measuring the contact angle of oil droplets (in air or in water) on 
glass slides whose surfaces were treated with the same silane coupling agents. As has 
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been shown by Crawford, Koopal and Ralston, using planar surfaces as model systems for 
surface treated particles gives reasonably good values for the contact angles98. 
 
The glass slides were firstly cleaned by immersion in a freshly prepared piranha solution, 
a 3:1 mixture of concentrated sulphuric acid and hydrogen peroxide solution (30%). 
Mixing the solution is exothermic. Since the hot mixture is a strong oxidizer, it will re-
move most organic matter, and it will also hydroxylate the glass surfaces. Cleaning 
usually requires about 15 minutes, after which time the glass slides can be removed from 
the solution. Anything removed from the solution should be rinsed with a large amount of 
deionized water. The dried glass slides were then immersed into solutions of various si-
lane coupling agent for 16h at room temperature. They were then washed with dry toluene. 
After the solvent evaporated, the contact angles of oil drops on treated glass surfaces in 
air and in water were measured, respectively. The contact angles of TMPTMA were 
summarized in Table 5.2.  
 
Table 5.2, Contact angles of TMPTMA drops on SCA treated glass slides in air (θaop) and 
in water (θwop) 
 
Silane Coupling Agents θaop  
(degree) 
θwop  
(degree) 
APTE: 3-Aminopropyltriethoxysilane 6.65 114.70 
PTE: n-Propyltriethoxysilane 22.47 79.72 
DTE: n-Decyltriethoxysilane  24.93 63.47 
TMP: [3-(Methacryloyloxy)propyl]trimethoxysilane 9.50 100.78 
PTM: Phenyltrimethoxylsilane 20.31 64.83 
TFPTM: 3,3,3-Trifluoropropyltrimethoxysilane 36.55 53.17 
PFOTE: 1H,1H,2H,2H-Perfluorooctyltriethoxysilane 56.43 42.35 
ODTE: n-Octadecyltriethoxysilane 25.96 82.01 
MPPTM:  
2-[Methoxy(polyethyleneoxy)propyl]trimethoxysilane 
1.22 116.07 
GPTM: 3-Glycidyloxypropyltrimethoxysilane 15.58 86.29 
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5.2.2 Irregular shaped particles 
 
For the series of particles with random shapes, it is impossible to measure the contact an-
gles (θaop and θwop) directly by optical microscopy, AFM or SEM. But they can be deter-
mined indirectly. As mentioned in the previous text, the contact angles of powder parti-
cles are estimated by measuring the contact angles of a liquid drop on a powder tablet. 
However, the mechanical treatment of the particle to form a tablet is a necessity so that 
the different ways of preparation of the powder particles gives varied contact angles. 
Washburn and Rideal proposed a method based on measuring the liquid penetration rate 
in a compressed powder bed and is normally used when enough materials is enough for 
the bed preparation99,100. Using this method, particle polydispersity effect and loose pack-
ing of the compressed power bed can lead to the results that are difficult to interpret the 
particle contact angle96,101.  
 
Although it is difficult to experimentally determine the contact angles of irregular parti-
cles at the air/oil and oil/water interfaces, a simple theoretical calculation using surface 
energy theory was explored. For the irregular shaped particles, the fractions of silane 
groups on the surface were known. It is possible to calculate the contact angles by using 
combining rules that allow any interfacial tension to be predicted from ‘surface tension 
component’ and the determination of such component for particle surfaces102,103. That is, 
any interfacial tension γ can be expressed as a sum of components104,105 due to dispersion 
forces γd and polar forces γp. 
  pd γγγ +=         (5.5) 
At 25oC, the components for water have already been obtained in reference106.  
  mmNdw /5.21=γ  mmNpw /4.50=γ  
The interfacial tension between two phases α and β is then expressed in terms of these 
two components for each phase 
  ppdd βαβαβααβ γγγγγγγ 22 −−+=      (5.6) 
Therefore, for an oil that is immiscible with water, the γao and γow can be written as 
p
o
d
oao γγγ +=         (5.7) 
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wwaaoow γγγγγγγ 22 −−+=     (5.8) 
For oil TMPTMA and PETA, the values of γao and γow are known from experiment, which 
have been discussed in the Chapter 5.1. The solution of the Eq. 5.7 and 5.8 allows us to 
calculate the dispersion and polar components for each oil. The results are given in Table 
5.3. 
 
Table 5.3, Interfacial tensions and the components of the oil interfacial tension 
 
oil 
aoγ  (mN/m) owγ  (mN/m) doγ  (mN/m) poγ  (mN/m) 
TMPTMA 32.86 18.99 25.26 7.6 
PETA 39.14 9.28 8.35 42.5 
 
The dispersion and polar components of interfacial tensions of silica particles can also be 
calculated. For those particles with most hydrophilic surface (100% si-
lane), mmNdp /42=γ  and mmNpp /34=γ  were adapted because they were measured for 
a clean crown (soda-lime-silica) glass surface107. For the most hydrophobic surface (0% 
silane),  mmNdp /22=γ  and mmNpp /9.0=γ  were chosen which are typical values for a 
high molecular weight poly(dimethylsiloxane) fluid. For other particles with intermediate 
hydrophobility, it is assumed the both dispersion component and polar components of the 
particle surface energy are linearly related to the percentage of silanol groups on the sur-
faces. Using Eq. 5.9, the values of γap are given by the combination of dpγ  and ppγ . All 
these interfacial tensions values are summarized in Table 5.4. 
  pp
d
pap γγγ +=         (5.9) 
 
Table 5.4, Calculated dispersion and polar components of interfacial tensions (mN/m) of 
silica particles whose surfaces are with different hydrophobicity 
% silanol 100 87 80 67 51 36 24 14 0 
d
pγ   42 39.4 38 35.4 32.2 29.2 26.8 24.8 22 
p
pγ  34 29.7 27.4 23.1 17.8 12.8 8.8 5.5 0.9 
apγ  76 69.1 65.4 58.5 50.0 42.0 35.6 30.3 22.9 
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Further calculation by using the following equations Eq. 5.10-5.11 leads to the values for 
γpw and γpw shown in Table 5.5. 
p
p
p
o
d
p
d
oapaoop γγγγγγγ 22 −−+=     (5.10) 
  pp
p
w
d
p
d
wapawwp γγγγγγγ 22 −−+=     (5.11) 
 
If a drop of oil is placed on a perfectly smooth particle surface, viewing the surface ten-
sions as forces along the horizontal direction enable us to write the equation of contact 
angles and surface tensions. 
 
 
Figure 5.4, Representation of an oil drop at the air/particle interface.  
 
As illustrated in Fig. 5.4, when opaoap γγγ +f , the oil wets the air/particle interface. That 
is, if 1f
ao
opap
γ
γγ −
, θaop = 0. If 1p
ao
opap
γ
γγ −
, the contact angle θaop is given by the follow-
ing relationship: 
ao
opap
aop γ
γγθ −=cos        (5.12) 
For the same reason, the contact angle θwop is given as  
  
ow
opwp
wop γ
γγθ −=cos        (5.13) 
if 1p
ow
opwp
γ
γγ −
. Otherwise, θwop = 0.      
 
Table 5.5 lists calculated contact angles ( aopθ and wopθ ) for oil TMPTMA and PETA with 
silica particles whose surfaces’ hydrophobicity are known. It shows that for any system 
particle γap 
θaop 
oil air 
γao 
γop 
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contain one of the oils and a certain kind of silica particle, one of the contact angles is 
zero by this theoretical treatment. That is, in a phase diagram whose coordinates are the 
two contact angles, the points demonstrating these systems are either on the x-axis or on 
the y-axis, which is undesirable for the testing of the phase diagram. For this purpose, a 
random distribution of the points in the phase diagram is ideal so that the different sce-
nario can be tested with the experiment. Nevertheless, the calculated contact angles by 
this method still can indicate the effect of their hydrophobility on the particle-assisted 
wetting phenomenon, which is in agreement with the theory. 
 
 
Table 5.5, Calculated interfacial tensions (mN/m) and contact angles (degree) for oils 
and silica particles whose surfaces are with different hydrophobicity 
 
TMPTMA PETA %  
si-
lanol 
opγ  wpγ  aopθcos
 
aopθ
 
wopθcos
 
wopθ opγ wpγ aopθcos
 
aopθ
 
wopθcos
 
wopθ
100 11.57 5.01 1.96 0 -0.35 110.5 1.66 5.01 1.89 0 0.36 68.9 
87 8.82 5.41 1.83 0 -0.18 100.4 0.91 5.41 1.74 0 0.48 61.3 
80 7.44 5.81 1.76 0 -0.09 95.2 0.67 5.81 1.65 0 0.55 56.6 
67 5.05 6.98 1.62 0 0.10 84.3 0.59 6.98 1.48 0 0.69 46.4 
51 2.56 9.38 1.44 0 0.36 68.9 1.34 9.37 1.24 0 0.86 30.7 
36 0.82 12.99 1.25 0 0.64 50.2 3.26 12.99 0.99 8.1 1.05 0 
24 0.07 17.37 1.08 0 0.91 24.5 6.14 17.37 0.75 41.4 1.21 0 
14 0.17 22.72 0.92 23.1 1.18 0 10.08 22.72 0.52 23.1 1.36 0 
0 3.38 37.83 0.59 53.8 1.81 0 22.56 37.83 0.01 53.8 1.64 0 
 
 
5.3 Spreading coefficient determination 
 
5.3.1 Introduction 
 
Optical interferometry has been proven to be a useful tool for investigations of 3He-4He 
liquid mixture108. Droplets of 3He-rich phase float on the surface of a superfluid 4He-rich 
phase. Upon feeding of 4He atoms to the vapour phase, the dissolving of the upper 3He-
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rich phase into the lower 4He-rich phase can be demonstrated by the behaviour of the in-
terference patterns. In my experiment, optical interferometry is applied to determine the 
spreading coefficient. 
 
In Chapter 5.1, the measurement of the air/oil and oil/water interfacial tensions was de-
scribed in detail. Normally, the spreading coefficient S of an oil on an air/water surface is 
given by Eq. 5.4. 
  owaoawS γγγ −−=        (5.4) 
But for oils like TMPTMA and PETA whose spreading coefficients are very close to zero, 
Eq. 5.4 accumulates the errors of measuring interfacial tensions which may lead to a sign 
change of calculated spreading coefficient. For example, Table 5.1 shows the spreading 
coefficient S of TMPTMA to be -0.11 ± 0.70 mN/m. That is, S can be any value in the 
range of (-0.81, 0.59) mN/m. The sign of S cannot be determined due to the larger value 
of error (0.70 mN/m) than the absolute value (-0.11 mN/m) of the calculated spreading 
coefficient. 
 
In the case of PETA, the positive S value (1.51 ± 0.70 mN/m) calculated by Eq. 5.4 is ob-
viously wrong due to the fact that as a non-wetting oil on water surface, S value of PETA 
should be a negative value. 
 
On the other hand, as described in the Chapter 2, the accurate value of S is crucial to build 
up a phase diagram of an oil. A small change of S may lead to a large shift of the lines in 
a phase diagram.  In order to reduce the effect of measuring errors on the S value, another 
method to determine S is desirable. 
 
R. Aveyard et al. reported a method to determine line tensions in the three-phase contact 
line around lenses of dodecane resting on a water subphase109. Their method involves 
measuring the variation of lens angle with the contact line radius by interferometry. It was 
found that similar method can also be used to determine the spreading coefficient of oils. 
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 Figure 5.5, An Oil lens resting on water. The lens angle δ is made up of the two angles 
α and β ; r represents the radius of the oil lens. 
 
When an oil lens resting on a water surface, as sketched in Fig.5.5, the following equa-
tions can be written: 
  βγαγ sinsin aoow =        (5.14) 
  
rawaoow
τγβγαγ −=+ coscos      (5.15) 
in which τ is the line tension and r is the radius of the lens.  
  βαδ +=         (5.16) 
For the small angles,    
2
1cos
2αα −≈   
2
1cos
2ββ −≈    (5.17)  
And Eq. 5.14 can be written as  
α
β
α
β
γ
γ ≈=
sin
sin
ao
ow        (5.18)  
Combination of Eq. 5.14 and Eq. 5.18 yields    
aoow
ow
γγ
δγα +=   aoow
ao
γγ
δγβ +=      (5.19) 
Therefore, Eq. 5.15 can be expressed as  
rawaoow
ao
ao
aoow
ow
ow
τγγγ
δγγγγ
δγγ −=+++ coscos    (5.20) 
Combination of Eq. 5.4, Eq. 5.17 and Eq. 5.20 gives to 
  
rawaoow
ao
ao
aoow
ow
ow
τγγγ
δγγγγ
δγγ −=⎥⎥⎦
⎤
⎢⎢⎣
⎡
+−+⎥⎥⎦
⎤
⎢⎢⎣
⎡
+− 2
22
2
22
)(2
1
)(2
1  
 which can be simplified to  
  
r
S
aoow
aoow τ
γγ
δγγ ++−= )(2
2
       (5.21a) 
water γaw 
 
air β α δ 
oil
r 
γow
γao
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In the absence of significant effects of the line tension τ, or if the lens radius is large, Eq. 
5.21a can be further simplified to 
  
)(2
2
aoow
aoowS γγ
δγγ
+−=         (5.21b) 
For an oil whose interfacial tension of oil/water and oil/air interfaces were known, Eq. 
5.21b indicates that the spreading coefficient (S) of the oil is a function of the lens angle 
(δ). According to the paper of R. Aveyard, the lens angle δ can be determined by fitting 
the interference patterns of oil lens on the water surface. Again the knowledge of the in-
terfacial tensions γao and γow is needed. However, it is worth noting that S in this procedure 
is not obtained as the final difference between the interfacial tensions (as shown in Eq. 
5.4), but is calculated from a ratio instead of a difference. Thus the errors in determining 
the parameters do not propagate as strongly as in the method of Chapter 5.1. 
 
5.3.2 Lens formation and interference microscopy 
 
The interference patterns of oil lens on the water surface are similar with Newton’s ring. 
Newton’s ring is observed from a simple apparatus in which a plano-convex optical lens 
is placed on a horizontal planar mirror. When a parallel beam of monochromatic light ver-
tically reach the lens, the interference of beam reflected from the lower surface of lens 
and from the top surface of the mirror produces interference fringe shown in Fig. 5.6. The 
fringes can be viewed either by the eye, a hand lens or a microscope. 
 
The optical path difference of the interference beams is two times of the distance between 
the lens’ lower surface and the top surface of the mirror. When the path difference meets 
the requirement of the condition of the constructive interference, a bright fringe is pro-
duced. On the contrary, a black fringe forms when the condition of the destructive inter-
ference is fulfilled. For instance, at the central point of the lens touching the plane mirror, 
the optical path difference approach zero. Newton’s ring is a black-centred interference 
fringe. This dark region is an evidence for the phase-change on reflection. The phase dif-
ference π leads to the destructive interference for zero path difference110. Newton’s ring is 
a convenient method for testing whether a lens is suitable for use in an optical instrument. 
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Figure 5.6, Formation of Newton’s ring.  
 
Interference fringes can also be observed on an oil lens resting a water surface by using 
an optical microscope. The incident monochromatic light is reflected on the air/oil surface 
and the oil/water interfaces as indicated in Fig. 5.7 Left. The reflected light interferes to 
form interference fringes similar to Newton’s ring.  
 
 
Figure 5.7, Left: principle of interference ring from an oil lens on a water surface; Right: 
interference rings of TMPTMA and PETA lens. The radius of both lenses is 16.1 μm. 
 
The optical path difference of the reflected light is a function of lens thickness and the re-
fractive index of oil used, so that different interference fringe patterns are observed for 
different oil. Fig. 5.7 Right shows the interference patterns for oil TMPTMA and PETA 
lenses with the radius of 16.1 μm. If the bright rings in the interference pattern are 
counted, the interference pattern of TMPTMA is a bright-centred eight-layer fringe, while 
that of PETA is a black-centred three-layer fringe. The different appearance of interfer-
Reflected 
light 
water
Incident light 
air
oil
Plane mirror
Plano-convex lens
Monochomatic 
light 
Newton´s ring 
TMPTMA PETA 
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ence patterns clearly indicates that the lens of TMPTMA is thicker than the PETA lens 
and the lens angle δ of the TMPTMA lens is larger than that of the PETA lens. The dif-
ferent spreading coefficients of the oils can be calculated by the determination of their 
lens angles. 
 
5.3.3 Experimental 
 
Before use, TMPTMA and PETA (Aldrich, Germany) were made stabilizer free by pass-
ing through a column filled with Al2O3. A microscopy glass slide (76 mm x 26 mm × 
1.75 mm) with a glass ring (15 mm diameter and 3 mm high) was purchased from Plano 
GmbH. Hellmanex II, a special clean reagent supplied by Hellma GmbH & Co, was di-
luted to a 2% vol. aqueous solution for glass cleaning and surface treatment.  
Water was filled the space surrounded by the glass ring on the glass slide, as depicted in 
Fig. 5.8 Left. Lenses were prepared by adding a drop of oil onto the surface of water. 
When the water surface is flat, due to the Brownian movement of water molecules, the 
small oil lenses keep moving randomly at a relatively high speed. For normal optical 
camera connected with an optical microscope, it is impossible to capture clear images of 
oil lenses. To confine the movement of the oil lenses and make the capture of lens images 
possible, the glass slide surface was hydrophilized by immersing into an alkaline solution 
(Hellmanex II) for two hours before usage. Because of the hydrophilic surface of the glass 
slide, the water in the glass ring formed a concave surface. Thus the movement of the oil 
lenses was limited. 
 
 
 
Figure 5.8, Left: Apparatus used for study of oil lenses. MO represents optical micros-
copy objective; Right: a typical image of oil lenses on water surface.  
MO 
water
oil 
Glass ring 
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Zeiss Axioskop 40 optical microscopy with HAL 100 works as light source and a Zeiss 
Interference Greenfilter (BP500-580) as a light filter. The images of lenses were taken by 
a ProgResTM C10plus camera mounted on an Axioskop 40 microscopy (Zeiss, Germany) 
and directly transferred to a computer, processed by the combination of Progress Capure-
Pro 2.0 and AxioVision AC 4.1 softwares. A typical image of a collection of lenses is 
shown in Fig. 5.8 Left. 
 
From the images, using a software ImageDIG (SciCepts Engineering), the interference 
light intensity and the fringe spacing information were obtained. ImageDIG allows using 
the cursor to draw a line across the selected lens through the centre of the interference 
pattern and then saving a data file which is the variation of light intensity along the whole 
of the line, as shown in Fig. 5.9 Right. Such files can be analyzed using Origin for the fit-
ting exercise to determine the lens angle δ. Finally, the spreading coefficient of the oil 
was calculated from the lens angle by Eq. 5.21. 
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Figure 5.9, Left: an image of an oil lens on water surface; Right: an intensity-radius dis-
tance profile from the left image transformed by ImageDIG software. 
 
 
5.3.4 Fitting of interference patterns 
 
In order to calculate the theoretical interference pattern, it is necessary to determine the 
lens thickness h as a function of the radial distance x from its centre (Fig. 5.10). 
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At x the vertical distance ζa from the level of the water surface to oil/water surface of the 
lens is  
2222 rRxR aaa −−−=ξ       (5.22) 
where Ra is the radius of curvature of the oil/water interface of the lens. A similar expres-
sion to Eq. 5.22 relates ζb to the radius of curvature, Rb, of the air/oil surface of the lens. 
The lens thickness at a radial distance x is h, which is given by  
22222222 rRrRxRxRh bababa −−−−−+−=+= ξξ  (5.23) 
And the radiuses of curvatures are 
  αsin
rRa =   βsin
rRb =      (5.24) 
 
 
 
Figure 5.10, A small lens consisting of two spherical caps, radii of curvature Ra and Rb. 
The contact line radius is denoted r.  
 
The intensity of the reflected light at the radial distance x is calculated using the standard 
approach for interference in thin transparent films111. For a three-layer system of two 
semi-infinite media, refractive indices n1 (air) and n3 (water), separated by a thin film with 
refractive index n2 (oil), the Fresnel coefficients of reflectance, r12 and r23 for the top and 
bottom film interfaces respectively, are given by 
21
21
12 nn
nnr +
−=   
32
32
23 nn
nn
r +
−=      (5.25) 
β 
α δ 
water 
oil
x
Ra 
bξ
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The intensity of reflected light I (or reflectance R), reflected from the layer of thickness h 
is then obtained by summing the multiple reflections to infinity giving 
  2
23
2
122312
2312
2
23
2
12
cos21
cos2
rrrr
rrrrI ++
++= φ
φ
      (5.26) 
In Eq. 5.26,φ , which is given by 
λ
πφ hn24=         (5.27) 
is the phase difference between each successive ray reflected from the top and bottom 
surface of the film, i.e. traversing the film twice. Here, only normal incidence is consid-
ered. λ is the wavelength of the incident light, 546 nm.  
 
The refractive indices of air (n1) and water (n3) are 1.003 and 1.33, respectively. For oil 
TMPTMA, the refractive indices n2 is 1.473. And the Fresnel coefficients of reflectance, 
r12 and r23, were calculated to be -0.190 and 0.051 by Eq. 5.25. Therefore, the intensity of 
light, I, can be written as  
  
)1039.3cos(604.51
)1039.3cos(997.1
17
17
hm
hmI −
−
×−
×−=       (5.28) 
⎟⎠
⎞⎜⎝
⎛ −−−−−+−= −−−− 1)(sin1)(sin)(sin)(sin 222222 βαβα rr rrrh  (5.29) 
r
xrr =
r
         (5.30) 
Eq. 5.28 to 5.30 indicates that for a certain oil, the intensity of reflected light at the radial 
distance x only depends on the radius of the lens (r) and the two angles α and β. If the 
relative radius rr  is used to replace the radius distance x, the theoretical intensity-radius 
profiles are given in the following figure assuming different r, α and β values.  
 
Fig. 5.11 shows the theoretical intensity patterns of TMPTMA lenses with the radius of 
20 μm. The patterns are all symmetrical around the centre of the plot. Regardless the val-
ues of α and β, the theoretical light intensity reaches a maximum value (0.057) and a 
minimum value (0.020) alternatively with the change of the relative radius. The maxi-
mum intensity refers to the bright fringes and the minimum intensity to the dark fringes. 
This intensity-relative radius patterns containing several bright fringes and dark fringes 
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are in agreement with the images observed from the optical microscopy shown in Fig. 5.7 
Right.  
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Figure 5.11, The theoretical intensity-relative radius (I-rr) profiles of TMPTMA lenses 
calculated from the Eq. 5.28 to 5.30, assuming the radius of the lenses is 20 μm.  
 
In these intensity patterns, the number and the position of the bright fringes and dark 
fringes depend on the values of α and β. For instance, when the two angles are 0.02 rad, it 
is a bright-centered five-layer interference fringe, while it is a black-centered two-layer 
interference fringe when the two angles are 0.05 rad. Therefore, it is possible to obtain a 
pair of α and β by the analysis of the squares of the derivations of the experimental inten-
sities with the calculated intensities. 
 
The intensity given by Eq. 5.28 is the absolute reflected light intensity in the range of 
(0.020, 0.057). In principle, Eq. 5.28 can be used to fit experimental intensities. However, 
it was found that the experimental value of the intensity tends to be dependent on the 
quality of the microscope optics, for example, the numerical aperture of the objective lens. 
It also depends on the software which was used to transform the optical image into the 
digital data. More important, the brightness and the contrast of the images were frequently 
adjusted to make use of the whole image range during the data processing. The adjust-
ment of brightness and contrast also change the experimental value of the intensity. In my 
experiment, the resulted experimental intensity is in the range of (100, 125). In order to 
better fit the experiment data to the theoretical intensity curve, a function similar to Eq. 
5.28 was used. 
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For the image of a TMPTMA lens (Fig. 5.9 left), the experimental intensities (Fig.5.9 
right) was fitted with the following function.  
]111039.3cos[604.51
]111039.3cos[997.1
2
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−−−−−
PPxPxPrm
PPxPxPrm
PPy
           (5.31) 
in which αsin1 =P  βsin2 =P       (5.32) 
 
Function 5.31 was derived from the Eq. 5.28 by replacing the two angles with parameters 
P1 and P2, and adding two new parameters P3 and P4. Because the value of the angles (α 
and β) only determine the number and the position of the fringes in the intensity-relative 
radius pattern, the absolute value of the intensity and the amplitude of the intensity 
change are less important for my work. Thus the other two parameters P3 and P4 were 
used to adjust the scale and the amplitude of the intensity to give a better agreement be-
tween the experiment data with the calculation curve. The parameters P3 and P4 do not 
have a physical meaning in the context of my experiment.  
 
In the function 5.31, the radius of lens (r) can be obtained from the image directly to be 
16.1 μm. Figure 5.12 demonstrates the comparison of experiment and the theoretical fit of 
the image shown in Fig. 5.9. 
-1.0 -0.5 0.0 0.5 1.0
105
110
115
120
125
Data: Data1_B
Model: user1
Weighting: 
y No weighting
  
Chi^2/DoF = 5.44786
R^2 =  0.58233
  
P1 -0.0001
P2 0.1742
P3 109.17563
P4 207.56202
In
te
ns
ity
relative radius
 
Figure 5.12, Comparison of experiment and the theoretical fit of the image shown in Fig. 
5.9. The dash line is experimental and the solid line is the theoretical fit according to Eq. 
5.31. 
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The black dash experimental line in Fig. 5.12 indicates that the intensities of each bright 
fringe (maximum value) and dark fringe (minimum value) are not constant as the predic-
tion of the theory. With the decreasing of the relative radius, both the maximum value and 
the minimum value increase. There is clearly higher background intensity within the oil 
lens comparing to that of the surrounding bare water surface. It might be caused by the 
microscope optics. Nevertheless it is still possible to get a fit by subtracting a value for 
the background. 
 
The fit is adjusted by varying the four parameters to obtain the minimum squared devia-
tion indicated by the best match of the number and the positions of the intensity peaks be-
tween the experimental curve and the calculated curves. The best parameter values for the 
minimum squared deviation were given by the software Origin. 
 
It was found that the fitting of the interference pattern always led to a phenomenon that 
the sum of parameters P1 and P2 is a constant when the squared deviation reaches the 
minimum. For the interference fringe in Fig. 5.12 which the lens radius is 16.1 μm, the 
sum of P1 and P2 is 0.174. As mentioned in the previous text, when these two angles α 
and β are small, the sum of P1 and P2 is equal to the lens angle δ. 
174.0sinsin 21 =+=+≈+= PPβαβαδ  
This phenomenon indicates that the fitting is not so sensitive to the individual values of α 
and β, but depends on the lens angle δ. In order to test this inference, the experiment 
curve was fitted by merging the two parameters P1 and P2 into one parameter P. It is de-
fined as 
  δsin=P           (5.33) 
And the experiment curve was fitted with the following function: 
( )( )]11039.3cos[604.51 ]11039.3cos[997.1 22217
22217
43 −−−×−
−−−×−+= −−−
−−−
PxPrm
PxPrmPPy  (5.34) 
 
The comparison of experiment intensity-relative radius and the theoretical fit according to 
Eq. 5.34 is shown in Fig. 5.13. 
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The best parameter values for the minimum squared deviation given by Origin were also 
listed in Fig 5.13. Obviously, the fitting by Eq. 5.34 also leads to the lens angle 0.174. It 
is verified that when the angles (α, β, δ) are small, the same fitting is resulted by taking a 
simple model with only a single lens angle δ rather than α and β as in Eq. 5.31 and Fig 
5.12.  
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Figure 5.13, Comparison of experiment and the theoretical fit of the image shown in Fig. 
5.9. The dash line is experimental and the solid line is the theoretical fit according to Eq. 
5.34. 
 
From the fitting of interference pattern of TMPTMA shown in Fig. 5.9, the lens angle δ 
was determined to be 0.174. In the previous context, it was introduced that for an oil 
whose interfacial tension of oil/water and air/oil interfaces were known, the spreading co-
efficient (S) of the oil is a function of the lens angle (δ) as shown in Eq. 5.21b. 
  
)(2
2
aoow
aoowS γγ
δγγ
+−=        (5.21b) 
The oil/water interfaces tension (γow) and air/oil interfaces tension (γao) of TMPTMA were 
measured to be 18.99 mN/m and 32.86 mN/m, which were described in Chapter 5.1. Us-
ing Eq. 5.21b, the spreading coefficient (S) can be calculated to be -0.182 mN/m accord-
ing to the data shown in Fig. 5.9.  
 
The analysis of the calculated lens angles (δ) and spreading coefficients (S) were repeated 
on images of lenses of various diameters and the results are plotted in Fig 5.14. 
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Figure 5.14, Calculated lens angles ( dots) and spreading coefficients (red squares) ob-
tained from analysis of individual screens of lens images.  
 
The effect of the lens radius (r) on the lens angle (δ) and the spreading coefficient (S) 
were investigated. In the Aveyard paper109, this diagram was used to examine the radius 
dependence of the lens angle δ and finally extract line tensions. This radius dependence as 
shown in Fig. 5.14 is rather weak. The accuracy of my data does not allow extracting any 
influence of the lens radius onto the spreading coefficient S. Nevertheless, in the present 
investigation, it is sufficient to computer the data average value of the spreading coeffi-
cient ignoring any radius dependence. Therefore, the spreading coefficient of TMPTMA 
was determined by the average value, -0.178 ± 0.012 mN/m. 
 
The spreading coefficient of the oil PTEA was determined by the same method. For oil 
PETA, the refractive indices n2 is 1.487. The Fresnel coefficients of reflectance, r12 and 
r23, were calculated to be -0.174 and 0.056 by Eq. 5.25. Therefore, the intensity of light 
can be derived from Eq. 5.26 and written as  
  
)1042.3cos(029.46
)1042.3cos(876.1
17
17
hm
hmI −
−
×−
×−=       (5.35) 
And the experiment curve was fitted by the following function similar to Eq. 5.34. 
( )( )]11042.3cos[029.46 ]11042.3cos[876.1 22217
22217
43 −−−×−
−−−×−+= −−−
−−−
PxPrm
PxPrmPPy   (5.36) 
δsin=P          (5.37) 
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The following figure shows a typical theoretical fit curve of an experiment interference 
intensity pattern from a PETA lens image with a radius of 15.35 μm.  
 
Figure 5.15, Left: a PETA lens image with a radius of 15.35 μm; Right: comparison of 
experiment and the theoretical fit of the intensity-relative radius pattern of the left image. 
The black dash line is experimental and the red solid line is the theoretical fit according 
to Eq. 5.36. 
 
From the fitting of interference pattern of PETA shown in Fig. 5.15 Left, the lens angle δ 
was determined to be 0.108. The oil/water interfaces tension (γow) and air/oil interfaces 
tension (γao) of PETA were measured to be 9.28 mN/m and 39.14 mN/m. Using Eq. 5.21b, 
the spreading coefficient (S) can be calculated to be -0.044 mN/m according to the data 
shown in Fig. 5.15 Right. The analysis of the calculated lens angles (δ) and spreading co-
efficients (S) were repeated on images of lenses of various diameters and the spreading 
coefficient of PETA was determined by the average value, -0.032 ± 0.021 mN/m. 
 
 
5.4 Summary 
 
In this chapter, the measurement of the interfacial tensions of oils was discussed and their 
equilibrium spreading coefficients were determined. The results are summarized in the 
following table.  
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Table 5.6, Interfacial tensions (mN/m) and spreading coefficients (mN/m) of oils. S1 is 
calculated by Eq. 5.4 and S2 is by Eq. 5.21b. 
 
Oil γao  γow  γaw  S1 S2 
TMPTMA 32.86 50.0±  18.99 50.0± 51.74 10.0± -0.11 70.0±  -0.178 012.0±
PETA 39.14 50.0±  9.28 50.0±  49.93 10.0± 1.51 70.0±  -0.032 021.0±
 
 
The interfacial tensions of the air/oil and the oil/water interfaces were measured by the 
pendant drop shape analysis. The surface tensions of the air/water surface were measured 
by the Du Nouy ring method. For the determination of spreading coefficients, a new 
method was applied to measure the variation of lens angle with the lens radius, by inter-
ferometry. The spreading coefficients calculated from the lens angle value (S2 in Table 
5.6) has higher accuracy than the old traditional calculation of the spreading coefficient 
(S1 in Table 5.6) from the three interfacial tensions. The absolute value of the spreading 
coefficient for TMPTMA by the new method was calculated to be -0.178 mN/m which is 
close to the old value of -0.11 mN/m, but the error was largely reduced from 0.70 mN/m 
to 0.012 mN/m.  
 
As described in the Chapter 2, the accurate value of S is crucial to build up a phase dia-
gram of an oil. In the phase diagram of TMPTMA shown in the following Fig. 5.16, the 
coexistence lines slightly shifted by using different spreading coefficient values. Without 
special mention, the phase diagram of particle assisted wetting of TMPTMA used in the 
previous chapter refers to the one adapting the S value from the interfermetry method. 
 
As to the oil PETA, the traditional calculation leads to a positive spreading coefficient 
which is in contradiction with the fact that PETA is non-wetting on the water surface.  
Obviously, the spreading coefficient (-0.032 ± 0.021 mN/m) by the new method is more 
reliable and convincing. The negative value of S is in accordance with the fact that PETA 
alone forms lenses on a water surface. It is also make it possible to draw a phase diagram 
for the oil PTEA as shown in the Fig. 5.17. 
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Figure 5.16, Phase diagrams of particle assisted wetting for the wetting of water by the 
oil TMPTMA. The blue dot lines indicate the coexistence conditions between two scenar-
ios using interfacial tensions of the air/oil interface, γao= 32.86 mN/m; of the oil/water in-
terface, γwo= 18.99 mN/m; and the spreading coefficient, S1= -0.11 mN/m from the tradi-
tional method. The black dash lines indicate the coexistence conditions using γao= 32.86 
mN/m, γwo= 18.99 mN/m and S = -0.178 mN/m from the new interfermetry method. 
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Figure 5.17, Phase diagram of particle assisted wetting for the wetting of water by the oil 
PETA. The black lines indicate the coexistence conditions using γao= 39.14 mN/m, γwo= 
9.28 mN/m and S = -0.032 mN/m from the new interfermetry method. 
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The new optical interfermetry method discussed in this chapter has proven to be success-
ful and has special advantage to investigate the spreading coefficient in a simple and ac-
curate way especially for the oils like PETA whose spreading coefficient is so close to 
zero that it cannot be correctly calculated in the traditional way. 
 
Besides the measurement of interfacial tensions and the determination of the spreading 
coefficients, the contact angles of particles at the air/oil/particle and water/oil/particle in-
terfaces were also discussed in this chapter. For the spherical particles, the contact angles 
were decided by measuring the contact angle of oil droplets (in air or in water) on glass 
slides whose surfaces were treated with different silane coupling agents. And for the par-
ticles with random shapes, a simple theoretical calculation using surface energy theory 
was conducted. 
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Chapter 6 Conclusion 
 
Wetting and de-wetting of surfaces by a liquid are fascinating phenomena of great impor-
tance for scientific and technological problems. They are in general determined by an in-
terplay of short-range and long-range forces. Due to the comparatively low refractive in-
dex of water, the latter usually are unfavorable. However, recently, it was discovered that 
particles can assist the wetting of a water surface by an oil. It has been utilized for the 
preparation of freely suspended membranes, especial membranes of controlled porosity. 
On the other hand, a simple theory describing the principles behind particle assisted wet-
ting was developed. If mixtures of an oil and particles are applied to a water surface, the 
oil might either form lenses completely separated from the particles, or form lenses com-
pletely engulfing the particles, or form wetting layers in which the particles penetrate 
through at least one of the interfaces of that layer. Depending on the interfacial tensions 
of the air/oil, air/water, oil/water interfaces and the contact angles of these interfaces with 
the particles, one can calculate which of the above mentioned scenarios is energetically 
most favorable and draw phase diagrams of particle assisted wetting. 
 
In this thesis, the principle and the theory of particle-assisted wetting have been experi-
mentally investigated qualitatively and quantitatively. 
 
As the first part of my work, the influence of the wettability of the particles on particle-
assisted wetting has been tested using irregular shaped silica particles with systematically 
varied surface hydrophobicity. It was found that for the most hydrophilic particles, only 
lenses of pure oil formed, with the particles being submerged into the aqueous phase. The 
most hydrophobic particles help to form patches of stable homogenous mixed layers 
composed of oil and particles. In these cases the particles adhere to the air-oil as well as 
to the oil-water interfaces. For particles with intermediate hydrophobicity, lenses and 
patches of mixed layers were observed. These three different observations verified that 
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the hydrophobicity of the particle surface determines the wetting behaviour of the oil at 
the water surface. 
 
For the irregular particles with unknown contact angles with the liquid interfaces, no di-
rect comparison to the theory was possible. Therefore, in the second part of my work, an-
other series of spherical silica particles was synthesized by Stoeber synthesis, modified by 
ten kinds of silane coupling agents, and then the comparison of the experimental results 
with the corresponding theoretical phase diagram was conducted.  
 
The investigation indicated that the theoretical predictions agree at large extent with the 
experimental results. All scenarios of wetting layers taken into account in the theoretical 
description were observed. The position of the particles (on bottom, top, or both interfaces 
of the wetting layer) was verified to be influenced by choosing appropriate contact angles 
via changing surface coatings, which is in agreement with the theory. In the fine print, de-
viations from the theory were also observed. If the particles have similar affinities to both 
interfaces the morphology of the layer is more complicate than expected. The experimen-
tally observed morphology depends on the surface pressure. It is plausible that in the 
mixed layer formed on the water surface, the monolayer with particles undergoes a transi-
tion into the double layer with particles upon compression of the water surface. It might 
therefore be necessary to extend the simple theoretical picture to take these observations 
into account.  
 
Besides the experimental verification of theory of particle assisted wetting, the determina-
tion of important parameters (contact angles, interfacial tensions and spreading coeffi-
cients) which are crucial for building phase diagrams has also been investigated. A new 
method involving measuring the variation of lens angle with the lens radius by interfer-
ometry was explored to determine the spreading coefficient of oils. It has special advan-
tage to investigate the spreading coefficient in a simple and accurate way especially for 
the oils whose spreading coefficient is so close to zero that it cannot be correctly calcu-
lated in the traditional way. 
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